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Preface 


A course in angular momentum techniques is essential for quantitative 
study of problems in atomic physics, molecular physics, nuclear physics 
and solid state physics. This book has grown out of such a course given 
to the students of the M.Sc. and M.Phil. degree courses at the University 
of Madras. An elementary knowledge of quantum mechanics is an essential 
pre-requisite to undertake this course but no knowledge of group theory 
is assumed on the part of the readers. Although the subject matter has 
group-theoretic origin, special efforts have been made to avoid the group- 
theoretical language but place emphasis on the algebraic formalism devel- 
oped by Racah (1942a, 1942b,1943,1951). How far I am successful in this 
project is left to the discerning reader to judge. 

After the publication of the two classic books, one by Rose and the other 
by Edmonds on this subject in the year 1957, the application of angular 
momentum techniques to solve physical problems has become so common 
that it is found desirable to organize a separate course on this subject to 
the students of physics. It is to cater to the needs of such students and 
research workers that this book is written. A large number of questions 
and problems given at the end of each chapter will enable the reader to 
have a clearer understanding of the subject. Solutions to selected problems 
are added so that the students can refer to them in case they are unable 
to solve those problems by themselves and also seek guidelines for solving 
other problems. 

The angular momentum coefficients, the rotation matrices, tensor op- 
erators, evaluation of matrix elements, the gradient formula, identical par- 
ticles, the statistical tensors, traces of angular momentum matrices, the 
helicity formalism and the spin states of the Dirac particles are some of the 
topics dealt with in this book. These topics cover the entire range of angu- 
lar momentum techniques that are being widely used in the study of both 
non-relativistic and relativistic problems in Physics. Application to physical 
problems that are given in this book are mostly drawn from the author's 
own experience and hence may appear lop-sided in favour of nuclear and 
particle physics. 

There is a bewildering variety of notations and phase conventions used 
in the literature and those adopted in this book correspond mostly to those 
used by Rose with some exceptions. A square bracket has been used for the 
Clebsch-Gordan coefficient and the author has found this notation more 
convenient for working out complicated problems involving Clebsch-Gordan 
coefficients. This notation has been used earlier by a few authors. For the 


convenience of readers, a list of symbols and notations used in this book is 
given separately in Appendix G. 

The author has originally thought of including computer programs in 
FORTRAN for the calculation of angular momentum coefficients and for 
the evaluation of certain important matrix elements but since the usage 
of computers has become so common and each has his own choice of lan- 
guage, it is felt more appropriate to give general expressions that can be 
used for computer programming rather than giving the program in any one 
particular language 

The author has worked extensively on problems involving angular mo- 
mentum algebra in the early stages of his research career and is indebted to 
Prof. Alladi Ramakrishnan and Prof. M.E. Rose for having inspired him to 
take to research in this area. The author has benefited greatly with discus- 
sions with his earlier collaborators Prof. М.Е. Rose, Prof. Н. Überall, Prof. 
G. Ramachandran, Prof. К. Srinivasa Rao, Prof. R. Parthasarathy, Prof. 
G. Shanmugam and Prof. N. Arunachalam. The author is grateful to Prof. 
P.R. Subramanian, Dr. V. Girija, Dr. M. Rajasekaran, Dr. S. Karthiyayini, 
Dr. G. Janhavi, Dr. К. Ganesamurthy, Dr. S. Ganesa Murthy, Mr. Р. Ratna 
Prasad, Mr. S. Arunagiri for many interesting discussions and careful read- 
ing of the manuscript at different stages of writing and to a host of students 
"who have been a source of inspiration. The book had gone through many 
drafts and the initial drafts were prepared by Mr. L. Thulasidoss with great 
patience and the final version was prepared with meticulous care with the 
help of Mr. S. Ganesa Murthy and Ms. D. Sudha and the software support 
received from Mr. К. Shivaji, Mr. T. Samuel and Dr. G. Subramonium. 
The author is grateful to the University Grants Commission and to the 
Tamil Nadu State Council for Science and Technology for sponsoring this 
book under the book writing scheme and to Professors P.Ramasamy, P.R. 
Subramanian, R. Ramachandran and К. Subramanian for extending all 
the facilities for completing the manuscript. The author acknowledges with 
thanks the facilities offered by the Department of Nuclear Physics of the 
University of Madras, the Crystal Growth Centre of the Anna University, 
the Institute of Mathematical Sciences and the Tamil Nadu Academy of 
Sciences for the preparation of the manuscript. It is a pleasure to thank 
Professor Krishnaswami Alladi for suggesting the Kluwer Academic Pub- 
lishers for publication of this book and Mr. DJ. Larner, the Publishing 
Director and Ms. Margaret Deignan of the Kluwer Academic Publishers 
for rapidly processing the manuscript and undertaking the publication. 


V. Devanathan 


CHAPTER 1 


ANGULAR MOMENTUM OPERATORS AND THEIR 
MATRIX ELEMENTS 


1.1. Quantum Mechanical Definition 


In classical mechanics, the angular momentum vector is defined as the cross 
product of the position vector г and the momentum vector p. i.e. 


L=rxp (.1) 


Both r and p change sign under inversion of co-ordinate system and so they 
are called Polar Vectors. It is easy to see that L behaves differently and 
will not change sign under inversion of coordinate system and it is known 
as a Pseudo-Vector or an Axial Vector. 

The transition to quantum mechanics can be made by incorporating the 
uncertainty principle into the classical definition and L becomes a Hermi- 
tian operator. Introducing the uncertainty principle expressed in the form 
of commutators, 


[л] = iñ, [ру] = й, [2 p] = ihn (1.2) 


we obtain the commutation relations (Schiff, 1968) for the components of 
angular momentum operator. 


[Ls Ly) = dL. [Ly La] = thle, [Ds be) = iby. (13) 


These commutators define the angular momentum in quantum mechanics 
(Schiff, 1968; Rose, 1957; Ramakrishnan, 1962) and this definition is more 
general and admits half integral quantum numbers. For this purpose, let 
us denote the quantum mechanical angular momentum operator by J and 
also use the convention that the angular momentum is expressed in units 
off 


(Fesser esu pese RESTE WERE (14) 
In a compact notation, the three Eqs. (1.4) become 


JxJ-il (1.5) 
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z-axis 


Figure 1.1. The angular momentum vector, for which its projection on the z-axis alone 
is well defined but not its projection on the x-axis or y-axis 


Equation (1.5) is the starting point of our investigation and our aim is to 
draw as much information as possible from this definition. 
1.2. Physical Interpretation of Angular Momentum Vector 


Although the components of the angular momentum operator do not com- 
mute among themselves, it is easy to show that the square of the angular 
momentum operator 


== (1.6) 


[72,3]=0, [2,4]50, [25,34 =0. 


ал) 


Equations (1.4) and (1.7) are amenable to simple physical interpretation. 
It is possible to find the simultaneous eigenvalues of J^ and of one of the 
components, say J. alone but it is impossible to find precisely the eigenval- 
ues of J. and J, at the same time. Representing the operators by matrices, 
опе can say that J? and J. can be diagonalized in the same representation 
but not the other components J, and J. Physically this means that one 
can know at the most, the magnitude of the angular momentum vector and 
its projection on one of the axes. The projections on the other two axes 
cannot be determined. This is illustrated in Fig. 1.1, in which the angular 
momentum vector is depicted to be anywhere on the cone. If Wjm is the 
eigenfunction of the operators J? and J, then 


Јр = nj Pim (1.8) 
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and 


Jahim = mibi. (19) 


In the above equations, and т are the quantum numbers used to define 
the eigenfunctions and the corresponding eigenvalues of the operators are 
ту and m. We are interested in finding the spectrum of values that j and 
т can take and also the eigenvalue m, 


L3. Raising and Lowering Operators 


Let us define two more operators J, and J. which we shall call raising and 
lowering operators. 


Ja, = Iq kd (1.10) 


This nomenclature will become obvious, once their roles are understood 
The following commutation relations can be easily obtained. 


[72,71] рл (1.11) 


Let us now generate а new function by allowing J. to operate on qm 
and examine whether this new function is an eigenfunction of Р and Л. 
operators. If so, what are their eigenvalues ? 


Let 
фы = Фа. (1.12) 
Then 
PO, = Jim 
= JJ 54,, ^ usingEq (1.11) 
= Ps, (1.13) 
and 
ЛФ = Ind idem 


= (ЛЛ. +).  usingEq.(1.11) 
JCJ: E iim 
(т + 1)Ф.. (1.14) 


u 


Thus we find that Ф, is an eigenfunction of J? and J. operators. The 
eigenvalue of the operator J^ remains unchanged but the eigenvalue of 
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the operator J. is stepped up or stepped down by unity. It is precisely 
for this reason, the operator J. is called the raising or lowering operator. 
Sometimes they are also known as ladder operators. 


14. Spectrum of Eigenvalues 


From the above discussion, it is obvious that m can take a spectrum of 
values differing by unity for a given value of. It is easy to show that the 
values that m can take are bounded for a given j. For this, consider the 
following relation: 


(JZ Л) = (J? = Ji Wim = (т = m Whim (1.15) 


Since the diagonal elements of the squares of Hermitian operators J, and 
J, are either positive or zero, 


n-m? > 0. (1.16) 


This means that the values of т are bounded for a given value ofj. Let 
us denote the lowest value of т by т, and the highest value of m by m, 
the spectrum of values that m can take being 


m,m Loses fo (1.17) 

Then it follows that 
Лт = 0, (1.18) 
Је = 0 алд) 


Operating J. on the left of Eq. (1.18) and J, on the left of Eq. (1.19), we 
obtain 


Ја = 0, (1.20) 
Јун = 0. (1.21) 
Since 
(ale = yq; 1); (1.22) 
Jh = P ehh =h (1.23) 


we get the following relations: 


[ 
е 


(124) 
(125) 


пу — malm +1) 
ng пит 1) 


] 
е 
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From Eqs. (1.24) and (1.25), we obtain 


ma(ma41) = mi(m - 1), 
іе., (пы + m;)mo;—-mici) = 0. (1.26) 


Since m. - т, is positive by our choice, it follows that т, = -m. If we 
label the highest value of т by j, then the spectrum of values that m can 
take can be written down as follows, 


-h-Pb*theedj-dlj. (1.27) 


There аге 2} +1 values of т and hence 2 + 1 should be an integer. That 
means 2j is an integer and hence j can be either an integer or half integer. 
Using Eq. (1.24) or Eq. (1.25), we obtain the eigenvalue of J^ operator 


= IG + 10. (1.23) 


Let us now summarize the results so far obtained. Starting from the 
quantum mechanical definition of angular momentum given by Eq. (1.5), 
we have shown that the eigenvalue of J? operator is j(j + 1) where j can 
take integral or half integral values and for a given j, the eigenvalues of J. 
operator, viz. m can take a spectrum of values from —jto +j in steps of 
unity. It is to be emphasized that all these results follow directly from the 
definition of angular momentum operator (Eq. (1.5)) and no assumption or 
approximation has been made in deducing these results. 


L5. Matrix Elements 


Having deduced the eigenvalues of J? and J. operators, let us now proceed 
to determine the matrix elements of J. and J, operators or equivalently 
J. in the same representation in which J? and J, are diagonal. Then 


= ien (1.29) 
Jy = lds (1.30) 


Equations (1.13) and (1.14) clearly show that Ф. is an eigenfunction of J 
and J. operators with eigenvalues ту and m + 1. That means that Ф. and 
the normalized function фуу may differ at the most by a constant factor. 


Фу = (Pal dima (1.31) 
Taking the scalar product, we get 


(4,02) = (Pa). (1.32) 
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Expanding the left hand side and using Eqs. (1.22) and (1.23), we obtain 


(Bs, Bx) Utm | Jim) 
= (bim | Fe Fa | dim) (1.33) 


= og-m(mil) 


From Eqs. (1.32),(1.33) and (1.28), it follows that 
Wal? = 5G +1) - m(mt 1) = (FF m\Gtm+ I). (1.34) 

Taking the square root, we get 
Ta = К m)G т DJ"? (135) 
There is an uncertainty with respect to the phase factor which is fixed 


usually by convention. Now we have at our disposal all the required matrix 
elements. 


(iim! | ljm} = jG D p бање. (1.36) 
G^n' | Je | jm) m буу бояу. (1.37) 
От ljm) = (10 т) т DIY? 6; быа: 038) 


Озе т) = (F+ т) т bjp дасл. (1.39) 


The above matrix elements are sufficient to construct all the angular mo- 
mentum matrices. 


1.6. Angular Momentum Matrices 


Since all the matrix elements (1.36)-(1.39) connect states with the same 
j but different m values, it is usual to construct angular momentum ma- 
trices for a given j value. It is customary to label the rows by т' val- 
ues (m' = jj- 1,...,—j+ 1, =) and the columns by т values (m = 
Ај —# 1, —). So, for a given j, the angular momentum matrices 
are of dimension (2j + 1) x (27+ 1). 

For j = 1/2, m can take only two values 1/2 and -l/2. Using Eqs. 
(1.36)-(1.39) and labeling the rows and columns by the eigenvalues m of 
the J. operator, we obtain the following matrices for j — 1/2. 


m'fm 1/2 -1/2 


2_ 2 [3/4 0 
ELE [ D veils (1.40) 
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а О? NEN 
n E паб ai па ШЕ dan 


From J, and J. matrices, we can obtain J, and J, using Eqs.(1.29) and 
(1.30). 


о 2 [о 02 
n= k Hale i | (142) 


We find that the matrices J, J, and Л for j = 1/2 are related to the 
well-known Pauli spin matrices (б). 


= IR al (143) 


1 
Je= dor, 4-39» dme (144) 


In a similar way, we can construct the angular momentum matrices for 


j=l. 

100 0 о 

P=2/0 10], ИЗДЕ. Ж з (1.45) 
001 DET 
010 [000 

4 -2|001|/, J.-2|]100]|, (1.46) 
000 0109 
SE 0 

Joa) et Eb eis (147) 
2|o010 D 


Construction of angular momentum matrices for higher values of j can be 
done following the same procedure. 
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Review Questions 


1.1 Define angular momentum in classical mechanics and incorporating 
the uncertainty principle, obtain the quantum mechanical definition of 
angular momentum as a set of commutation relations. 

1.2 Starting from the commutation relations of angular momentum op- 
erators, determine the allowed spectrum of eigenvalues of J? and J. 
operators. 

L3 Define the raising and lowering angular momentum operators and ob- 
tain their matrix elements between any two angular momentum states. 
Are these operators Hermitian? 

L4 Assuming the following commutation rules obeyed by the angular mo- 
mentum operators [J., Л] = J. [J Л] = i, [Ja Л] = i, show 
that J, = J, + iJ, is a raising operator for the eigenvalue of J. 

1.5 Obtain the matrix representation of the angular momentum operators 
for j = 4, Establish their connection with the Pauli matrices. 


Problems 


1.1 Given the commutation relations (1.2), obtain the commutation rela- 
tions (1.3). 
1.2 Evaluate the commutators [72, 4] and /J;, J.] and show that 


U2.4.] = -U2,7.]. 
1.3 Given that J x J = iJ, obtain the following commutation relations: 


(а) [7,44] O) JaJa] = tJe, (0) [70,7] = 225. 


where J. = J, 5 if 
14 Evaluate (а) фы and (фый, 
LS For j =}, show tha? 42 4i £L 
1.6 For j = 1, show that J$ = J, J; = J, and J3 = J. 
1.7 Show that the Pauli matrices obey the following relations 


1.8 If с denotes the Pauli vector and A a vector, write down explicitly 
с. A in the form of a 2 x 2 matrix. 
1.9 If с denotes the Pauli vector and A and B are polar vectors, show 
that 
(c: Alo. B) - A-B*ie-(Ax B). 


1.10 Construct the angular momentum matrices for j = 
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Solutions to Selected Problems 


1.1 The components of angular momentum operator L are 


Lr = ур, — zpy; Ly = 2Pr — tpz; Le = тр,— уру. 
The commutator [L.,L,] is given by 
Usb) = Lely- LyLe 
= (ур. – zpyY(zpz — 2р.) — (zpz — 2psXyps — 2Py) 
= yPe(P2% — 2р) + wpy(zps — P22) 
= ~ihype + ihzpy 
= thh, 


Similarly, the other cyclic commutation relations are obtained. 


12 
02,3] = JJ] Je Js 
= cidada idyik 
Similarly, 
12,7. = 12,2 +10, 0] = ty dn + idedy 
Непсе 
2.2] = -02,2) 

1.8 


о А = о.А. + OyAy + аА. 


Using the matrix representation (1.43) for the Pauli operators, ме ob- 
tain 

A, Ap iA, 
AgtiAy эд 


с:А = 


1.9 The Pauli matrices obey the following relations: 


ea peius 
ой =о%=о?=1. 


yUri буба = —0:0у) 0.0; = —0203. 


соу = ій OyO; = toy; 030: = ісу. 

Expanding (с * A )(o * В) in terms of the Cartesian components, 

(с: Ас: B) = (0:4, + oyAy + 0. A Yo B. + 0, B, + 02B:), 

and using the above relations for the Pauli matrices, the final result 
(e-A) (a B) 2 A- B4 ia-(Ax B) 


is obtained afler rearrangement. 


CHAPTER 2 


COUPLING OF TWO ANGULAR MOMENTA 


2.1. The Clebsch-Gordan Coefficients 


Problems involving the addition of two angular momenta abound in physics. 
They may be the angular momenta of the two particles in a system or the 
orbital and spin angular momenta of a single particle. 

If J, and аге the operators corresponding to the two angular mo- 
menta, then the resultant angular momentum operator J is obtained by 
the vector addition 


Fad, +7 (2.1) 
It follows that 
Жы = МЕКУ: 
VET UE Q2) 
de = het dan 
Squaring (2.1) we obtain, 
PST + +27». Q3) 


Since by our construction J is an angular momentum operator, it should 
obey the same commutation relations as J, and J» 


lew Е Q4 


The other cyclic relations follow. The commutation relations (2.4) can be 
deduced from the commutation relations obeyed by J; and Ja It is to be 
noted that J; and J, are two independent operators and hence they should 
mutually commute. However, it is found that 


LP. Jae] = -[J?, Jas] #0. (2.5) 


Thus we have two sets of mutually commuting operators. 


set I: Gaeta die ДЕ. 
set II: J$,J$ I?, Je. (2.6) 
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So, it is possible to find the simultaneous eigenvalues of either ће first set 
of operators or the second set but not both. The eigenfunctions, denoted by 
their quantum numbers [jı jj, m2) corresponding to the first set of opera- 
tors are said to be in the uncoupled representation and the eigenfunctions 
Liijajm) corresponding to the second set belong to the coupled represen- 
tation. These representations are connected by a unitary transformation, 
The functions |j;jajm) can be expanded in terms of functions |j jomi то) 
and vice versa. 


лт) = У) [2 a 2 | lj 


(2.7) 


The quy [3 PI 


dence on the quantum numbers is explicitly denoted. This coefficient is 
known as the Clebsch-Gordan (C.G.) coefficient (Condon and Shortly, 
1935) or the vector addition coefficient and it is the unitary transformation 
coefficient that occurs when one goes from the uncoupled to the coupled 
representation. Although there is a variety of notations for the Clebsch- 
Gordan coefficient (Condon and Shortley, 1935; Rose, 1957; Pal, 1982), the 
author has found the above notation very convenient to work out compli- 
cated problems involving C.G. coefficients. From Eq. (2.7), we get 


| is the expansion coefficient whose depen- 


ah. pe 


mp та т es 


Gajomima|fijoim) = | 


This C.G. coefficient can be determined without the phase factor and the 
standard phase convention is such as to make the C.G. coefficient real. Then 
taking the complex conjugate of Eq. (2.8), we get 

oy Gn o) | 


ma mj m 


sicilia) = | e» 


from which the inverse relation of Eq. (2.7) is obtained. 


Ж x е М: j 
тт) = У I A dg | liam) Q.10) 
ж 


2.2. Some Simple Properties of С.С. Coefficients 


It is easy to show that mı + m; = m. Otherwise ће С.С. coefficient will 
vanish. Operating J. on Eq. (2.7) from the left and using (2.2), we obtain 
minim) = Socom tm) A È j imma ew 


m, my m 
mima 
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Expanding |j,j2jm)once again in terms of |j; jomim;) using Eq. (2.7), we 
get 
ume 
Y (m= т-та) | p H ГА | Іартат) = 0. (2.12) 
m 
Since the functions |jij;mjm;) are linearly independent, it follows that 
each of the coefficients in the summation should be identically zero. 


ur ЧАН 
(mm = ma А ad 2a (2.13) 


Thus it is evident that unless m = т, + m, the C.G. coefficient should 
vanish. There are in total (2/, + 1)(2j + 1) linearly independent functions 
Ljujoma тз). Since the total number of linearly independent functions is pre- 
served in any unitary transformation, the number of independent functions 
Liam) in the coupled representation should be the same. Hence, 


У) +1) = QD. (2.14) 
7 


The maximum value ofj ie, jaa should be obviously (j, + jj since the 
maximum value of m is jı +j» jı and j; being the maximum values of 
m, and m. By simple enumeration, one can find jmin = |j, ~ 32]. Thus j 
can assume a spectrum of values from |j; — јо to |jı + Јо in steps of unity. 
Thereby jj j and j obey the triangular condition А (jjj). Otherwise the 
C.G. coefficient will vanish. 

The distinction between the uncoupled and the coupled representations 
vanishes if one of the two angular momenta were to vanish and hence the 
C.G. coefficient which is the element of the unitary transformation becomes 


unity. 
RU HR Dp eie 5 
iens hoe de e 


The functions [jijomi mo, and [jijajm) are orthonormal. 
iam mi[ijamima) = Suis mm, (2.16) 
Gisi'm'usim) = бу Sam's (2.17) 
Using the expansion (2.7), we obtain 


ape. = 1 кы EA 
(аел) = 3) у, [p es oe d z 


mim mimi 


x (hjam mPijomm ma). (2.18) 


COUPLING OF TWO ANGULAR MOMENTA 13 


Application of Eqs. (2.16) and (2.17) yields 


x | A ee | [ À й 23 EI 0.19) 
m m mj|m m т 


mama 


In a similar way, starting from Eq. (2.16) and applying the expansion (2.10) 
twice,we get one more relation. 


wem tite PP) 
х [Аа 2 |е. ew 
7 


The relations (2.19) and (2.20) are known as orthonormality relations of 
the С.б. coefficients 

It may be observed that in Eqs. (2.7) and (2.19), although there are 
two summations т, and т, one is redundant because of the constraint 
т + т = т 


2.3. General Expressions for С.С. Coefficients 


General expressions for C.G. coefficients have been derived by Racah using 
the algebraic methods. Since these derivations are complicated, the reader 
is referred to the original literature. Here we give only Racah's closed ex- 
pression (Rose, 1957) for C.G. coefficients, since it is more convenient for 
writing a computer program for numerical evaluation of C.G. coefficients. 


[X 2 алав Sos, em 


with 


Ch t DUI + di - 4) 
ШЕЖЕ ЕИ! 
В = (cau) — m)! Qa + ma)! (a — m)! G + m)t( - mt 
Cy = (А+ ~i- v)! -m — v)! (jz +m- r)! 
xlj j+ ma +v)! (j -j= m+n)! 


Aagi 


The summation index v assumes all integer values for which the factorial 
arguments are not negative. A computer program for the C.G. coefficients 
based on the above formula can be written and the reader will find it useful 
for any numerical study of any physical problem involving C.G. coefficients. 

Algebraic formulae for particular values of jj: = 1,1) are given in 
Tables ВІ and B2 in Appendix B since their occurrence is very common in 
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physical problems. For higher values of J, the reader is referred to Condon 
and Shortley (1935) and Varshalovich et al. (1988). Several numerical tables 
of C.G. coefficients are also available. But these have become obsolete after 
the proliferation of fast electronic computers. 


2.4. Symmetry Properties of C.G. Coefficients 


A study of the general expressions for the C.G. coefficients will reveal the 
following symmetry properties. 


TEC ИЛ 
ma ma m 


н 


эйе Ah АЈ 


паж Йй A i 
(-1) Ie ae 2 (2.23) 


a em Г Дл. sh 
= (-D ali S ot ] (2.24) 


ma 


= (yam e | DNUS |, Q25) 


[ll -m m -m 


where the symbol [j] is defined by 
[} = Qj 1). (2.26) 


Relations (2.22)-(2.25) bring out the symmetry properties of ће C.G. 
coefficients under the permutations of any two columns or the reversal of 
the sign of the projection quantum numbers. Note that when the third 
column is permuted with the first or the second, there is a reversal of the 
sign of the projection quantum numbers of the permuted columns. This is 
essential to preserve the relation m,+ m. = m. By using symmetry relation 
(2.22), one finds 


sik ape del ata- | AA ja j 
B 0 |еей ү 0 ài 2.27) 


Thereby one obtains the condition 
ИЕ 
000 

ifj, + js - j is odd. Moreover) the quantum numbers j;.j: and j should 

all be integers; otherwise the projection quantum numbers cannot be zero. 


This special C.G. coefficient is known as parity C.G. coefficient since in 
physical problems such a coefficient contains the parity selection rule. 


(2.28) 
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The reader is referred to Biedenharn (1970) and Srinivasa Rao and Ra- 
jeswari (1993) for further study of symmetry properties of C.G. coefficients. 


2.5. Iso-Spin 


It is observed that the nuclear forces are charge independent and, as a con- 
sequence, it is found advantageous to treat proton and neutron (neglecting 
the small mass difference between them) as the two charge states of one and 
the same particle, nucleon. To distinguish the two charge states of the nu- 
cleon, a new quantum number, iso-spin, has been introduced in analogy 
with the spin quantum number. The iso-spin is a vector in an hypothetical 
space known as iso-spin space and its projection on the quantization axis 
distinguishes the different charge states of a particle. For the nucleon, t is 
equal to } with two possible projections, т, = +} corresponding to the 
proton and m, } corresponding to the neutron’, The iso-spin wave 
function of a nucleon can be written in the two-component form, the first 
component giving the amplitude of probability of finding the nucleon to be 
a proton and the second component giving the amplitude for finding it to 


be a neutron. 
1 ü 
| [| (2.29) 


Further, in analogy with the three Pauli spin matrices, we introduce three 
iso-spin operators in iso-spin space. 


0 
27 1. (2.30) 


These operators operate on the two-component iso-spin wave function (2.29). 

The iso-spin wave function of the two-nucleon system can be constructed 
in the same way as the spin wave function of a system of two spin-} parti- 
cles. 

Since the pion has three charge states, л", n°, л, it can be described 
by giving an iso-spin t = 1 with projections т, = 1,0, -1. Given the iso- 
spin projection, the charge q of the pion or the nucleon is given by a simple 
relation 


B 
а= т. +. (2.31) 


ilt is sometimes called isotopic spin or isobaric spin or simply l-spin 

"This convention is used in particle physics. In nuclear physics, it is customary to take 
т. = Mor neutron and т. = —2for proton since most nuclei contain more neutrons 
than protons so that the iso-spin projection quantum number for most nuclei will be 
positive. 
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where B is the baryon number. For the nucleon, В = 1 and for the pion, 
В = 0. If the strange particles are also included in the scheme by introduc- 
ing another quantum number, called strangeness quantum number S, then 
Eq. (2.31) can be modified to read 


B+ 
2 
This is known as the Gell-mann-Nishijima relation. 

The iso-spin of the pion-nucleon system can be constructed by coupling 
the iso-spins of the pion and the nucleon in the same way as we do the 
coupling of two angular momenta by means of C.G. coefficients. 


q=m + (2.32) 


2.6. Notation 


Different notations have come into vogue for the C. G. coefficient. Some 
of thenotations commonly used in literature (Condon and Shortley, 1935; 
Brink and Satchler, 1962; Schiff, 1968; Rose, 1957; Varshalovich et al., 1988) 


are (jymjamaljm}, C C jj m,m;m) and Ci, а, The Wigner 3j sym- 

bol (Edmonds, 1957), ( EN i} is related to the C.G. coefficient 
my, oma m 

by the relation 


alt pubes BLAN сы Таана 
m m,mj^ Д 


The 3j symbol has higher symmetry. 
m № 2 ^ сузе ( ho D озб 


m ma m ma my т 


= (нн ( ор 


Ў |: 033) 
i m -m 


=m =m, =m 


The value of 3j is unchanged under an even permutation of the columns. 


Review Questions 


2.1 (a) In case of coupling of two angular momenta J = J, + J; , evaluate 
the following: commutator brackets [J?, J] and [J?, J.]. 
(b) For a two-particle system, explain why there are two different an- 
gular momentum representations. How are the eigenfunctions in the 
two representations connected? 

2.2 (a) Define the Clebsch-Gordan coefficient and discuss their symmetry 
properties. 
(b) Deduce the orthonormality relations of C. G. coefficients. 
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2.3 (a) Show that the C.G. coefficient [ ho» Jj ] vanishes unless 
т тә т 
т + m, = т. 
(b) What are the characteristics of the parity С.С. coefficients and 
why are they so called? 
(c) How is the C.G. coefficient related to the Wigner 3j symbol? 


Problems 
2.1 Using the general properties, determine the values of the following C.G 


coefficients: 
"UN ee a ug» 121 
| ofi E Ji -1/2 ‘| 


РОК STE 
| DS i 


2.2 Two spin-4 particles are in the triplet state (5=1). Construct their 
coupled spin function in terms of the spin states of the individual 
particles. Identify the non-vanishing C.G. coefficients and find their 
values. 

2.3 Write down the spin-orbit coupled wave function for a p-electron in an 
atom. Use the table of C.G. cocfficients. 

2.4 Construct the spin-orbit coupled wave function for a d-electron in an 
atom using the table of C.G. coefficients. 

2.5 Obtain the following relations: 


E ja А aeu 
Cee qe cs 


(b) xcv [2 № 2M gb 


Ji 
m m т | { –т w тз 


= cpm Blass. 


() eye | z Bey i Al = (2j 4 1)? бо. 
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pm 


jm 


2.6 Starting from the spin-orbit coupled wave function of spin-} particle 


s(j-im- Yj a 


and using the lowering operator 


J-2i--4 


repeatedly, determine the coupled wave functions, 


Yj denotes the spherical harmonic and a the spin-up state. Identify 
the relevant C.G. coefficients. 
2.7 Starting from the spin-orbit coupled wave function of spin-4 particle 


D 


w= dm 


and using the raising operator 


repeatedly, determine the coupled wave functions, 


GS 


Y, | denotes the spherical harmonic and В the spin-down state. Identify 
the relevant. C.G. coefficients. 

1.8 Show that a two-particle system with total angular momentum J = 2j 
is symmetric under exchange. It is given that cach particle carries with 
it an angular momentum j. 

2.9 Show that a system of two phonons, cach carrying an angular mo- 
mentum 2 can exist only in the angular momentum states 0,2 and 4. 
Explain why the odd angular momenta are excluded. 

2.10 Construct the possible spin wave functions of a system consisting of 
two spin-l particles and examine their symmetry under exchange of 
particles. Find the eigenvalues ofthe operator ol - 62. for that system 
and hence construct the spin exchange operator. 

2.11 Construct the iso-spin wave function for a system consisting of a pro- 
ton and x meson. 
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2.12 Show from iso-spin considerations that the cross-section for the reac- 
tion p + p— d+ m is twice that of the reaction n + p> d+ T. 


Solutions to Selected Problems 


2.1 (a) Using the symmetry property (2.24), we obtain 
PRU aree cab roy Tp 
1-10 Аре 


(b) It is a stretched case. So, it follows that 


ite ae m 
ЕНЕ 
(c) This С.б. coefficient and another with reversed magnetic quantum 
numbers alone occur in the expansion of the eigenfunction |} i 1 0} 


and hence the sum of their squares should be unity. Hence it follows 
that 


П СЫТ Sus Spe es 
ооа КЕЗЕШ 6 


(d) This is a parity C.G. coefficient and it is zero since jj +j: - j is 
odd. It follows from Eq. (2.28) that 


Па 
l 000 | Е 
(e) The C.G. coefficients are ће expansion coefficients and ће sum of 
their squares should be unity since the eigenfunctions are normalized. 


д 2 
yl 2 | 
mi my m y 


In the present case, 


X oF JEEP 
m m 0 
a 

In the expansion, there are three C.G. coefficients, of which one is the 
12 


: 2 
parity C.G. coefficient | ЖУЙ 


| which is zero. The other two С.С. 
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coefficients are determined using the above property and the symmetry 


relation. 
22s e оо es d] 
a est es = ak Oe 


The sign is not uniquely determined. 


(£) Since the triangular condition A(iaj) is not obeyed, the C.G. 


es Pek. eto) s 

coefficient [ [= 0. 

(g) Ib i al E aee ToU saved? 
1 Tox x 

h) | 5 ] = 0, since m ў my +m - 


deg 
G) Using the symmetry property (2.24), we obtain 


[1 -tcl-mlis i]- 


2.2 If œ and В denote the spin-up and spin-down states respectively, then 


© | E ] = 1, since it is a stretched case as (b). 


Bis [ада = ain a, 
1110) = [9 Ee ETE 
ч os 09090) 


= eD AO) + дп) et). 
| 


The non-vanishing C.G. coefficients are 
[t2 1/2 il a [ 1/2201 t 3 Т 


YENI T =1/2 -1/2 -1 


Aer baler ah M ОАР оТ ы ШЇ 
Рр 09] ee Ен КҮНГӨ 2 


11-1) = IE: B afo (2) = #(1) A2) 
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2.3 For a р -с1есігоп, the allowed values of j are 2 and 1, The spin-orbit 


coupled wave function is denoted by |! s j т) 


hi) = Hae. 
nuo = [018 ee 
5 | d КИ Т 
ye) at Vivi. 
nn ap зае 
«[21 38 ees 


12 15 
1/2 1/2 
ТАЗ Т 

1 -1/2 i | Yate 


| OE 


áe 


TM 2 
= зоа у alt) a. 
» ПИ Иа 
= la 1/2 E itm 
We Penn 
-1% Ah wes 
= Yi(5)a + 
25 (a) Eb s ah eui | er yt GE 
i^ —m, —mj —m'| — my ma m |^ 
Hence the result follows from Eq. (2.19). 
ipe Sp ed eee cene pbi ane ess 
[2 E m Ed DU SET ERE = 
= (рж рл? AR 
J ; D] Lm то m 


Substituting this and summing over m, we obtain the result. 
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(c) Multiply the L.H.S. by lg 7 ee z j| whieh is unity. 


S d SES d | 
э epe 


= V2j+ l6. 

(d) Multiply the LHS. by | 7. 0 
ну me | v1 
А re ï 

ze n 
dm 
= 3-1)" Pap wt. ah Ge ky A) 
Е cd pete 
E Уулу Ру +1 б; (summing over m yields буо) 
=L 
2.10 A system consisting of two spin- particles can exist in triplet spin 
(5 = 1) or singlet spin (5 = 0) state. Denoting the spin-up and spin- 


down states of the spin-} particle by œ and В, the spin wave function 
in the coupled representation can be written as 


|$21Ms-1) = ооз, 


1 
|S=1,Ms=0) = "HOPES 
\S=1,Ms=-1) = ањ 


1 
18 =0,Ms=0) = fies [m 


From an inspection of the above wave functions, it can be seen that 
the spin triplet state is symmetric and the spin singlet state is anti- 
symmetric under exchange. For the construction of the spin exchange 
operator, first we need to determine the eigenvalues of the operator 
с - с corresponding to the spin triplet and spin singlet states. 
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1 
eem = Meo ot ce 


1 
= gh$(54)-3-3] 


Tp its 
Y ; ifs 


The spin exchange operator is P, = (1 + ол: сз) since it yields the 
eigenvalue +1 for the spin triplet state and —1 for the spin singlet 
state. 


i 
0. 


Р,15 = 1, Ms) 
PAS = 0, Ms) 


9% = |T=1,Mp=0), 
a = |T=1,Myp= -1). 


The iso-spin wave functions of px’, px and pr are 


рт?) = 


= [102 13/21; 
Е Бо не; 2) 
a 
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VECTORS AND TENSORS IN SPHERICAL BAS! 


3.1. The Spherical Basis 


It is more convenient to describe the vectors and tensors in the spherical 
basis since they can be easily expressed in their irreducible forms and their 
law of transformation under rotation also becomes much simpler. 
Denoting the unit vectors in the Cartesian basis as e, , e, and e. and 
in the spherical basis as el, e) and ej", we can express any vector А as 


follows. 


A 


Ayes + Aye, + А. 
= wales Апен 


= е (3.1) 
пета 
where 
(3.2) 
апі 
1 (ex + iey) 
ef-s (3.3) 


EE 


It follows from Eqs. (3.2) that the complex conjugate of A% is 


AÑ = (- DAT". 


We will have occasions to use later the spherical cornponents of the 
position vector r in terms of the spherical harmonics of order 1. Using 
(3.1), we obtain 


r= -rie -rild rieh (3.4) 


where 


г} = (si) v2 (3.5) 


24 
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x 
Figure 3.1. The position vector v 


with 


іад совф, y=rsindsind, 


= rcosó (3.6) 
Equation (3.6) can be obtained from an inspection of Fig. 3.1. Substituting 
(3.6) into (3.5), it follows that 

(3.7) 


(3.8) 


(3.9) 


(3.10) 


Using the above relations, we finally obtain the position vector r in terms 
of the spherical harmonics of order 1. 


6-11) 
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3.2. Scalar and Vector Products in Spherical Basis 


Given any two vectors 4 and B, we can construct a scalar or a vector 
(tensor of rank 1) or a tensor of rank 2. Let us express the scalar product 
of A and B separately in terms of Cartesian and spherical components. 


ASH = А.В. +AyBy + 


X cat 


и=-Гол 
TONAS (3.12) 


Га 


tf 


This follows from the orthogonality of the unit vectors defined in a self 
consistent way in these two bases. 


Cartesian basis: єє = би, 
Spherical basis: ded = Sw, 
where 
ef” = (-1)"e7". G3) 
Let C denote the vector product of 4 and B. 
С= Ах В. (3.14) 
Expanding in terms of spherical components 
C= Y (-1"" ATBE(" x e") @.15) 
Lr 


The vector product of any two unit vectors in Cartesian basis is given by 
exe = е, (Jin cyclic order) G.16) 


and using this, the vector product of any two unit spherical vectors can be 
obtained. 


ef x ef = iSi- o) eft”, (3.17) 


where $(и - v) denotes the sign of ће quantity (и - v), ifp Z v and 
zero ifp = v. From an inspection, it can be seen that ће C.G. coefficient 
E 1 


M eroi | can be used to play the same role as the function S(j1-v). 
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Incorporating this, we obtain, 


ir ^b oi 


IET Ag. (3.18) 
Introducing this definition to the vector product in Eq. (3.15), we get 


с = муа» |2, 1 A аве? 


=v 
= МУ) e, (3.19) 
X 
where 
TRETEN D 
ESSI 7 ie BY (3.20) 


Thus the sherical components of C are given by 
С = т) (A= 1,0,-1) (321) 


where 77? is defined by Eq. (3.20). In the discussion to follow, Ту is called 
a component of the spherical tensor of rank 1 formed by taking the tensor 
product of two vectors А and B and it is to be noted that this differs by 
a factor of ~i/2 from the spherical component of the vector C'è obtained 
by taking the vector product of 4 and B. From Eq. (3.20), it follows that 
the complex conjugate of Т іѕ given by 


Я П 
Ti e v iens 
n 


= рен: 


- 
T 1 J =u вои 
--»E[ L Aare 
: 


zo (322) 


3.3. The Spherical Tensors 


Now consider the direct product of the two vectors 4 and B. The products 
of their Cartesian components represented below in a matrix form denote 
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the nine components of a Cartesian tensor of rank 2 


AB, А.В, 
А,В. A,B, 
А,В, А,В, 


A,B, 


(3.23) 


This is said to be in a reducible form since it is possible to group the 
linear combinations of these components with different sets which transform 
among themselves under rotation. The trace 


з AB, (324) 


is the scalar product А. B and hence invariant under rotation. The anti- 
symmetric tensor having three components 


1 : 
a= (АВ; = А08), Gd Beyelic) (3.25) 
transforms as a vector since 


У 


b 
g(Ax B). (3.26) 
The symmetric tensor with zero trace (traceless symmetric tensor) 


Ty- iA + A;B,) — i Pur (827) 
having six components, of which only five are linearly independent because 
of the constraint of zero trace, transform among themselves under rotation. 
Although the quantities S, V and T are in irreducible forms and trans- 
form in the same way as spherical harmonics of order 0, 1 and 2, it is 
more convenient to express them in the spherical basis rather than in the 
Cartesian basis. The tensors expressed in the spherical basis are known as 
spherical tensors. The spherical tensor of rank К has (2k+1) components 
and they transform under rotation in the same way as jm with j = К. 


THO!) = Y DE, (aby) Ti). (328) 


The position vector г changes into r' in the rotated coordinate system. The 
quantities D}, (оү) are the elements of the rotation matrix defined in the 
next chapter. 
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3.4. The Tensor Product 


Given any two tensors f? and 7]? , we can define a tensor product of 
these two tensors. 


т = | ti te ЁЛ тиш, 629) 


u| m da 


The allowed values of k lie between |k} — А and |k; + kol. We also give 
below the inverse relation which we will have occasion to use later. 


"-X[B him 435 


Now let us, for illustration, construct spherical tensors of rank 0,1 and 2, 
given the two vectors 4 and B. 


jx еу Ел 
т = E 0 авг 
5 


=j 
fi " 
= -y3 Lats = NB B. (3.31) 
п 
oe озы jn pie 
TE s uy [ABE (3.32) 
e TI 
E XE ud ЙУ (3.33) 


m 


In Table 3.1, we explicitly give the components of T¥ and ТЁ in terms 
of the spherical components of the vectors 4 and B. Note that 


(рете, (3.34) 


when the spherical tensor T; is constructed from апу two vectors A and 
B. In general, when the spherical tensor T^ is constructed by taking a 
tensor product of two tensors Te and as illustrated in Eq. (3.29), the 
complex conjugate of 1,15 given by 


DPSS (SAPP Eien (3.35) 
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TABLE 3.1. Components of spherical tensors of rank 1 and 2 con- 
structed from any two given vectors A and D. 


н T T 
y — Als} 

1 VRBE АВ!) VALD? + ALBO) 

0 VEAL! ALBI) V/TLBD? + AL BUC2ATBO) 
-1 Ia -APB» VAT BE + ARB") 
-2 ANRT 


Review Questions 


3.1 (a) Define unit vectors in spherical basis and show that they are or- 
thogonal. 
(b) Given any two vectors, construct a scalar, a spherical tensor of 
rank 1 and a spherical tensor of rank 2. 

3.2 Write down the scalar product of two vectors in terms of their cartesian 
and spherical components. 

3.3 Ifr is the position vector, express it in terms of its spherical components 
and hence show that 


ДП 
т= fixes Wey”, 


where УР (#) is a spherical harmonic of order 1 and ғ is the modulus 
of the vector r. 
3.4 Given any two vectors A and B, construct a vector product and a 
tensor product of rank 1. How are their spherical components related? 
3.5 If C = A x В , show that the spherical component C? of the vector 


C is given by 
Cj = -iv27}, 


where 
К ыж МЛН yp 
m s B 3 HET 


is a component of the spherical tensor of rank 1 formed by taking the 
tensor product of the two vectors 4 and B. 
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Problems 


3.1 Given any two vectors A and B, find their scalar product and compare 
it with the tensor of rank 0 constructed by taking their tensor product. 

3.2 Given the three vectors А, B and C, construct a spherical tensor of 
rank 3. 

3.3 Given the three vectors А, B and C, construct a spherical tensor of 
rank 0 using all the three vectors. 

3.4 Given the three vectors А, B and C, construct a spherical tensor of 
rank 2 using all the three vectors. 

3.5 Given any two spherical tensors Tu and Т. of rank k; and k; respec- 
tively, construct a spherical tensor 7, of rank k and hence show that 
the complex conjugate of 7% is given by 


Poe 


(hth err. 


3.6 If J is the angular momentum vector operator, express the spherical 
components of this vector operator in terms of the J, operator and 
the raising and lowering operators J. and J. Hence determine the 
effect of J} with p = 1,0, —1 operating on the angular momentum 
state |j, m) 


Solutions to Selected Problems 


3.1 The scalar product: 


A- B у (CY AB; 
л 
The tensor product of rank 0: 


T ees uns T o] afar’ = Xx 
n n 


(f poft ME 


1 
= --—RA.B. 

E 
3.2 To construct a tensor of rank 3, given the three vectors A, В and C, 


first construct a tensor 77^ of rank 2 with vectors А and B and then 
take the tensor product of T7 with C. 


ОзУ 
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MS: 
mAM 


] m6 anas 


M 


Jo pr А: E и p s 
[12 2][2 2 2 aetates 


Imposing the constraints on the magnetic quantum numbers and find- 
ing the values of the C.G. Coefficients from the tables, the tensor com- 
ponents of TM of rank 3 are obtained. The allowed values of M are 
3,2, 1,0, -1,-2,and —3. 


T$ = AP BYCh. 


= үн ВІСІ + А! ВОСІ + ALBI CT) 

Tz (Eldar ete ay act + ai BG) 
+ М (00 + AL BPC? + ALBO OT). 

ТОКЕ МЕ (at ae Ci e A весі e AL? C8 дт BIC?) 
IE (vat at сї + amor + АЁ В ОРТ). 

= (Eur BU Ch + А By! CU + АТК By Cy?) 
+ Ve (ALB! C? + Ат! В} CP + A9 BE CT 4) 

Ty? = VEA Bit ct A Ber ALES CTS 

qo NADIE 


It can easily be verified that for each component of the tensor, the sum 
of the squares of the coefficients of all the terms is unity. This property 
can be used to check the correctness of ones calculation. 


3,5 The spherical components of the vector operator J аге: 


Dade Л= Ый. ЈА. 


From Eqs. (1.37) - (1.39), the effect of operation of J, Js, J. on the 
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angular momentum state |j,m)are known. Hence it follows that 


Ј |н) = mlhm) 
Jm) = - Ja lim) 

= fioc niim n lj, m- 1), 
Jm) = (22. (ту 


п 


KE VOT mG м1) т 1). 
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CHAPTER 4 


ROTATION MATRICES - I 


4.l. Definition of Rotation Matrix 


The rotation matrices define the transformation properties of angular mo- 
mentum eigenfunctions i); under rotation of coordinate system. 


Via (r^) = Y DA (ov) his (n); (4.1) 


where Da (0, 5, ү) denotes an element of the rotation matrix, the rota- 
tion being described by a set of three Euler angles 08,7. The angular 
momentum eigenfunctions 4;m (r^; are in the rotated coordinate system S', 
whereas the functions (т) denote the eigenfunctions in the original co- 
ordinate system S. Hence these functions should be related by a unitary 
transformation. For integer values of j, it is easy to show that the func- 
tions i, transform as the spherical components of an irreducible tensor 
of rank j. In this chapter, we shall obtain the rotation matrices from a con- 
sideration of the transformation properties of a vector (spherical tensor of 
rank 1) and spherical tensors of higher rank. 


4.2. Rotation in terms of Euler Angles 


Consider а right handed coordinate system. Any general rotation К in the 
three dimensional space can be conveniently described in terms of the three 
Euler angles @В and y (0 < 0 < 27,0 < B < m, 0 < y < 2л). 


R= Rz,(y) Ry (9) Rz(o). (42) 


R;(«) denotes a rotation through an angle œ about the Z axis'. This results 
in the change of the reference frame XYZ —X,Y,Z, Z, axis coinciding 
with the Z axis. This is followed by a rotation through an angle В about 
the Y, axis and then through an angle y about the Z: axis. The complete 


"Normally, lower case letters are used for the suffixes but. in chapters 4 and 5, upper 
case letters are used for suffixes in certain cases for the purpose of clarity. 
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| 
| 


у, 


Figure 4.1. Rotation about the Z-axis through an angle & 


rotation R сап be denoted explicitly in the following sequence. 

а B 

XYZ XY Es ху xv 
Z-axis Y, -axis Zi - axis 


43. Transformation of a Spherical Vector under Rotation of 
Coordinate System 


Let us now consider the transformation of the spherical components of 
a vector A under a general rotation R of the coordinate system and obtain 
the transformation matrix. This is done in three steps. First let us make 
a rotation through an angle a about the Z axis as illustrated in Fig. 4.1. 
The Cartesian components of A transform as follows: 


= Axcosa + Ay sinn, 


= Ayeoso — Ay sin a, (43) 
= Ag. 
In matrix notation, 
Ax; coo sina 0][ Ax 
Ay; | =| -sina cosa 0 | | Ay (44) 
Az 0 0 1]l[ A; 


To know how the spherical components transform, we need to express the 
spherical components in terms of the Cartesian components. The transfor- 
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mation of the Cartesian components is already given in Eq. (4.4). 


1 
(A. = - ах tian) 
1 
= - lax соза + Ay sin a + iy cosa — iy sin a) 
1 а 
= с 
= ADU, since Al = (43) 
Similarly, 
(49). = Ati (4.6) 
D. = Атей. (47) 


The transformation of the spherical components can now be conveniently 
written in a matrix form. 


(A, ped) A 
o E 
Ah ОИЕ" 


In a concise notation, 
Ai = Mz(a) A, (49) 


where М; (0) is the transformation matrix for rotation about the Z axis 
through an angle 0. 

Next let us consider a rotation through an angle B about the Y, axis. 
The Cartesian components Aw, Ay, Az transform into Ay, Ap, Az 
and the equations of transformation are given below: 


Axı = Ay, cos — Ag; sin 8. 
Ау; = Ау. (4.10) 
Ата = Agycos3 + Ахзаб. 


This transformation can be expressed more elegantly іп the matrix form as 


follows. 
Ах: cosB 0 -sinf ][ Ах, 
Jel). ac 80 Ay; |. (4.11) 
Ags sing 0 cosg Ag 
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The equations for transformation of the spherical components can be 
obtained following the same procedure as before. 


1 
Gb. = EU ttre) 
I 
= conem ~ Az sin Ау) 
1 "ny Е 
= 51080, -APh ов +y 3A sing 


+ {AD +A} 


AQ), sind 


430.0 — cos fl) (4.12) 
Similarly, 
(40, = sin 8 (Aq), + cos 8 (AT); + (isn B(A1). 4.13) 
" it D. 
(АГ pl = озб) (41), ~ qe in 8 (Аў), 


1 
+ pu + cos 8) (Аг). (4.14) 
Denoting the transformation matrix by M; (В), 


$0 + cos 8) "EY 


Mr (=| Ising соз ‚— (45) 
ll- cos) -ising L(+ coss) 
we obtain 
Аз = Му (8) Ay (4.16) 
= Mn (b) Mz(a) A. (417) 


Lastly, we have to perform a rotation through an angle y about the Z, axis. 
The resulting transformation matrix is the product of the three transfor- 
mation matrices obtained for rotations through the three Euler angles. 


Mz, (Y) My, (8) Mz(a), (4.18) 
and the transformed vector A’ is given by 


A! = M (a, 8, y) A. (4.19) 


Mía. B) = 
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44. The Rotation Matrix D'(o.B;y ) 


lt is to be pointed out that the transformation matrix M is not the rotation 
matrix defined in this book. According to the law of matrix multiplication, 
any component of the transformed vector A’ +-is given by 


A, = Mla, 8, Y) Av, (4.20) 


whereas the rotation matrix D'(a,B,y ) is defined such that 


А = У DL (0.8 y) 4 (4.21) 


Hence the rotation matrix D is the transpose of the transformation matrix 
M defined in Eq. (4.18). We give below explicitly D'(aßy ) in a matrix 
form 


ud 


зай 
VE 


€ 


E gia sn pin 


Above we have shown explicitly how to construct the rotation matrix 
D' (о.В,у ) which defines the transformation properties of a vector (spher- 
ical tensor of rank 1). In the same way, we can construct the rotation 
matrices for spherical tensors of higher rank. 

There are in vogue different conventions? for the definition of D func- 
tions. The convention that is used here is identical with the convention of 
Rose (1957) and is widely used in elementary particle physics. For instance, 
Jacob and Wick (1959) use this convention in the formulation of helicity 
formalism? for the description of scattering theory. 


4.5. Construction of other Rotation Matrices 


In Table 3.1, the spherical components of a spherical tensor of rank 2 are 
explicitly given in terms of the spherical components of two vectors A and 
B. Since we know how the spherical components of a vector transform, it is 
a straight-forward procedure to construct the rotation matrices D’(a,B,y ) 
for the transformation of a spherical tensor of rank 2. Although this pro- 
cedure is straight forward, it is rather tedious and rarely one will opt for 

*For the different conventions used by several authors, please refer to Varshalovich et 


al. (1988), p118. 
`The helicity formalism is discussed in Chapter 13. 
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this exercise. Also this method is restricted to the construction of D' for 
only integer values ofj. However there is an alternative, simple and elegant 
way of constructing the elements of rotation matrices of higher dimensions 
from the elements of rotation matrices of lower dimensions using the in- 
verse of the C.G. series (Eq. (5.55). This latter procedure is applicable for 
constructing the rotation matrices of both integer and half-integer ranks. 
For this purpose, we require the rotation. matrix D3(a,8,7) and starting 
from this all the Dj matrices can be obtained by successive application of 
the inverse C.G. series (Eq. (5.55)). 


Review Questions 


4.1 Define the Rotation Matrix and explain how the rotation about an ar- 
bitrary axis й сап be expressed in terms of the Euler angles of rotation 

42 Show how the spherical components of a vector transform under rota- 
tion and hence obtain the rotation matrix corresponding to a rotation 
through an angle В about ће Y axis. 

4.3 Check whether the transformation matrix M(B) given by Eq. (4.15) is 
unitary. 


Problems 


4.1 Show that a rotation of the coordinate system about an arbitrary axis 
fiis equivalent to Euler angles of rotation. Hence obtain a relation 
between the two sets of rotation parameters. 

4.2 Given any two vectors A and B, construct a spherical tensor 77 of rank 
2 and obtain the rotation matrix Ю:(@) for a rotation about the Z axis 
from the known transformation properties of spherical components of 
vectors A and B under rotation. 

4.3 Given any two vectors A and B, construct a spherical tensor 77 of rank 
2 and obtain the rotation matrix D°(B) for a rotation about the Y axis 
from the known transformation properties of spherical components of 
vectors A and B under rotation. 

4.4 Given any two vectors A and B, construct a spherical tensor of rank 
2 and study its transformation properties under rotation of coordinate 
system. Hence obtain the rotation matrix for j = 2. 


Solutions to Selected Problems 


4.1 This problem is dealt with in the Appendix A, to which the reader is 
referred. 

4.1 Components T} of spherical tensor of rank 2 are constructed from 
vectors A and B. 


mE itr cil | ра 
=, 58, 


n 
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These components are explicitly given in Table 3.1. If the coordinate 
system is rotated through an angle œ about the Z axis, the components 
of the second rank tensor are transformed as given below. 


(D, = (AD (80, = AL e7 B] ec = 72 etn 
H x 
(Tih = gg (ABD + 40 wii} 
1 D E io 
= "AILES EIE =T e, 
Similarly, 


Ths О) = "oyente 


Thus, the transformation matrix M(o) for Т for rotation through an 
angle œ about the Z axis is obtained from the relation 


(TP), ene IR 
en 0 1j 
GP, j=] 0 T? 
(ту), 0 T 
(7:2), 0 T; 


The rotation matrix is the transpose of the transformation matrix. 
Since the transformation matrix is a diagonal matrix, the rotation 
matrix coincides with transformation matrix for rotation about the Z 
axis. 

4.3 The transformation matrix for Ту for rotation through an angle В 
about the Y axis is a little more complicated since it is non-diagonal. 
But the method is essentially the same. 


M(B) = 
in n yids — dü-esms $0- eos D)? 
Дд 


B+ comand düeseenm Упир dMeem-eim Hi cose) ein 9 


Vies deesp-o уал Beors 


lustus avn flare Laman. M Ras dcr 


ПЕТИТЕ mane ная -hüdeemdas F+ eoe 


The rotation matrix is the transpose of the transformation matrix 


M(B). 
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4.4 The rotation matrix D'(o,.y ) is the transpose of the transformation 
matrix M(o,B.y ). 
Mta, B. y) = Mz, (y) My (8) Му (в). 


The transformation matrix M(o.) for rotation about the Z axis is 


worked out in Problem (4.2) and the transformation matrix M(B) for 
rotation about the Y axis is given in Problem (4.3) 


CHAPTER 5 


ROTATION MATRICES - II 


5.1. The Rotation Operator 


Let us consider an infinitesimal rotation o about the Z-axis of a right- 
handed coordinate system and investigate how the wave function trans- 
forms. 


Vir) = Rz(6a) V(r) = W(r^), (5) 


where А,(ӧо) is the rotation operator which causes a rotation of the coor- 
dinate system S — S' through an infinitesimal angle oœ about the Z-axis. 
Under rotation, 


Ute (52) 

Wr) — (т) = V(r). (53) 

Under the rotation of coordinate system 5 — $', the coordinates of a phys- 
ical point changes from г to r' and the function (ғ) transforms to V(r^), 


which, in turn, becomes а new function \Р '(r) when expressed in terms of 
the old coordinate 7. 


Wir) = w(r) 
= W(x + yba, y — 26a, 2) 


ОВО 
= visae) + ta (o 5) V(z,y.z). (54) 


The last step is obtained by applying the Taylor series expansion and ne- 
glecting terms involving higher powers of бо. Since the Z-component of the 
orbital angular momentum operator L; is given by 


(5.5) 


we have 


V'(r) = (1 - tba Lz)U(|. (5.6) 
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Let us now generalize the relation (5.6) and replace the operator L by J. 
V'(r) = (1 іва Jz)W(r). 63 


Equation (5.7) gives the transformation of the function due to an infinitesi- 
mal rotation through an angle œ about the Z-axis. Making a large number 
(n) of such infinitesimal rotations, one can obtain a finite rotation o about 
the Z-axis. 


Rz(o)W(r) = (1 бо Jg Wr) = e?" wr), (5.8) 


where œ = п ёо. In a similar way, we can find the rotation operator corre- 
sponding to a rotation about the Y-axis. 


Ry(A)U(r) = e^ (v). (5.9) 


It is to be noted that J^ commutes with the rotation operators and hence 
j is a good quantum number under rotation. 

Any general rotation can be described in terms of three parameters 
(Goldstein, 1980; Bohr and Mottelson, 1969). They may be the three Euler 
angles 0.В,у ог they may correspond to a rotation «about an axis à which 
is fixed by the two parameters Ө and di 


Ralb) = Ra, 8,7), (5.10) 
where 

Ral) = c9, (5.11) 
and 


Rla,B.7) = Hz) Ry (B) #д(о) 
EQUUM EOM (5.12) 


We have the following relation between the parameters specifying the single 
rotation and the Euler angles (vide Appendix A). 


(5.13) 
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In the expansion for R(o,B, y) given by Eq. (5.12), only the rotation 
through an angle o is carried out about the Z-axis of the original coordi- 
nate system but the rotations B and y are carried out about the axes Y, 
and Z, of the new coordinate systems obtained in successive rotations. 


XYZ ХУА Х2%23 ODD: 
Rz(a) Ry, (8) Rz) 
Since the rotations are unitary transformations, we can subject the op- 
erators to unitary transformations successively in order to denote all the 
rotations with respect to the original coordinate system. For instance, 
eU = Ry, (a) eM [Ry (A) 
mo enm ts | (5.14) 


Substituting Eq. (5.14) in Eq. (5.12), we get 
R(a, 8,7) = en etm єзї, (5.15) 


Once again, we can subject the operators in the coordinate system X, Y, Z, 
to a unitary transformation and obtain the corresponding operators in the 
coordinate system XYZ. 


erty, eri, — ertade p-ibdy dz доа, (5.16) 


Substituting (5.16) into (5.15), we get finally, 


Ra, By) = ela ee qoia, (5.17) 


In the expression (5.17) for R(ofjy ) all the rotations are carried out in 
the original coordinate system and its usefulness will be seen in the next 
section. The rotation operator R is unitary, that is 


ВВ = RR! Е = Ві. (5.18) 


5.2. The 47 


(8) Matrix 


The rotation matrix. D, (ady)has been defined in Eq. (4.1) of the pre- 


vious chapter and now we can express its elements as the matrix elements 
of the rotation operator R(a,By ). 


Wis(m) САО) 
= SIDLQ( B) Ymir) (5.19) 
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or 


TH 


(а,8,7) = (Vjmi(r}| RC, )| Vjs(0)) 
= o (m'|R(o, 8.) | m). (5.20) 


Using the explicit form (5.17) for R(ofy ) and remembering that the 
angular momentum functions are eigenfunctions of J, operator, we obtain 
Di, (e By) = (ўт |e ebde ez | jm) 


& IT^ (am! е ут) егт, (5.21) 


The last step was obtained by allowing the operator e—/?7* to operate on 
the left state and the operator e72 on the right state. This was possible 
only because both the operators and the states correspond to the same 
coordinate system. 

In our representation, J; is purely imaginary and hence the matrix ele- 
ment im! 67577 | jm) is real. Denoting this matrix element by @, (1) 
we have 

рї 


i (oy) = eom di, (B)e- 9m. (5.22) 


Since d^, (8) is unitary and real, the following symmetry relations are 
satisfied. 


du) = Camel (5.23) 
ер" ah (5.24) 
= dy, Vw). (5.25) 


Once we obtain the matrix d? ,,, (3). the construction of the full rotation 
matrix !,,,,(0,3,9)is simple because of Eq. (5.22). Also, the construction 
of ^... (3) for higher j-values' can be done starting from the lower j-values 
using the coupling rule for rotation matrices (inverse С.С. series) to be 
discussed in Sec. 5.5 


5.3. The Rotation Matrix for Spinors 


We shall now obtain the rotation matrix for j = 4. For a rotation about 


the Y-axis, the rotation operator is given by 


Вү{8) = ey, (5.26) 

"Rotation matrices for j= 1, 1 are given in Eqs. (5.33) and (5.98). For the explicit, 

forms of the rotation matrices for higher j values, the reader is referred to Varshalovich 
et al. (1988). 
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where S, is the Y-component of the spin operator. .Expressing it in terms 
of the Pauli spin operator o,, we have 


Ry(B) = eov. (5.27) 


Recalling the following series expansions 


(528) 
(529) 


(5.30) 


(531) 


(y (84 
Xe 


Ё mU 
= con 5 — toy sin 5. (5.32) 
Substituting the matrix elements of 6,, we obtain the matrix representation 
for the operator R,(B) and it is denoted by d'2(B). 


F M 
Фү) = ОРЕ НЕЕ | 


PRAE 
MET m 


In a similar way, we can obtain the rotation matrices for rotations about 
the X or Z-axis. 


ө [2 $ ising 
Rx(9) = cos ic, sin - | И ЫН (534) 
2 25| -isng сы 
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CERO е 
ВД) = cosy ioe sing = | G E | (5.35) 


Let us now investigate the effect of rotation of the coordinate system 
on the eigenfunction V,. A rotation through an angle B about the Y-axis 
yields 


Xm = У) Var (5.36) 


In Eq. (5.36)) an explicit mention of the quantum number j is omitted but 
it is understood that j = 1 in the following discussion. If we wish to express 
the eigenfunctions ¥ arid x as column vectors and d as a matrix, and use 
the usual rule of matrix multiplication, then we find the matrix d” which 
is the transpose of the d matrix to be more convenient. 


Xm = У (8) Far (537) 
Writing explicitly, we have 


(538) 


If we start with a pure state ip, which is a spinor with spin up [ 1 ] , then 


a rotation through an angle 2л about the Y-axis yields 


xi Je созт sinm 1 
eum ss sina созт | | 0 
ERES [ ü | ; (5.39) 


This is in contradiction to the case of a vector for which the rotation through 
an angle 2л leaves the vector undisturbed. In the case of spinor, a rotation 
through an angle 47 is necessary to get the same spinor. That is why the 
spinors are sometimes referred to as "half-vectors'.. 

Also there is an interesting feature that a spinor exhibits. For a spinor 
located at the origin of the coordinate system, a rotation through an angle 
п about the X-axis is not equivalent to a rotation through an angle л about 
the Y-axis. 


So (540) 
= -0 =g. (5.41) 
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For a vector located at the origin, these two rotation will invert the vector. 
But it is not so in the case of spinors. However, it can be shown that the 
two spinors @ and Q' differ by a rotation through an angle л about the 
Z-axis. 


Bz(n)p = En =; (5.42) 
Ел(-т)ф = eH Ty. (5.43) 
That is why a spinor can be considered as a vector with a thickness. 


5.4. The Clebsch-Gordan Series 


In this section, we shall obtain a coupling rule for rotation matrices and it 
is deduced from the coupling scheme of two angular momenta. 


е) 2» Ak Ј Е (5.44) 
2 


mi m m 


Rotating the coordinate system through the Euler angles (o.D.y) we ob- 
tain 


Y DÀ) DEG) n) = 


x| À d 3j [ЖЛ (5.45) 


ma ma m 
jn 


where the argument @ of the D matrix stands for the set of Euler angles 
о.В.у. The state |jj) on the right hand side can be expanded as 


ш}= [|2 ДЕУ (546) 


Inserting this into Eq. (5.45) and taking the scalar product with. [cj 172и) 
we obtain 


w) ên uv, = 


П 


j | пы Sponge 547) 


th и 
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The sum over р on the right-hand side of Eq. (5.47) can be replaced by 
i, = H -д\. Now, performing the summation over the projection quantum 
numbers, we obtain 


cesse яни 
DE. 0) Y [A rx aM ye | Digo). (5448) 
7 


Di 


CN 


This is known as the Clebsch-Gordan series (C.G. series). 


5.5. The Inverse Clebsch-Gordan Series 


Starting from the C.G. series (Eq. (5.48), an inverse series can be obtained 
using the orthogonality of the C.G. coefficients. Multiplying both sides of 


car 
Eq. (5.48) by [2 ЕЯ e A ] and summing over m,, we obtain 


ШШ ША 2 
DJA 2 sick 
«| ime 


ар. ар АТ 
[2 5 MESS (549) 


Equation (5.49) was obtained by applying the orthonormality condition 
(Eq. 2.19) of C.G. coefficients. 
A OU 


O Я Парі; both sides by 


] and summing 


over н, we obtain 


п Yl[A i 2 |р A fy) = рі ew). (55 
EE: та alle m 7 pis (Date) = Dime). (5.50) 


This is known as the inverse C.G. series. There is an alternative way of 
obtaining this series. 


The alternative method is to start from the following coupling rule of 
two angular momenta. 


т) = 9; [ v m es | ўта) ўт). (5.51) 


m 
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Rotate the coordinate system through the Euler angles o.B.y. Applying 
the transformation, we now have 


D DL Gm!) 
2002 1 В Р. 
у, [л a go 2р2 ma (oo) jun aita) 
= У xal ty we Sp 
js 9 ED mjla m М 
manie jt 
X Di a (9) Dios (JU M). (5.52) 
Taking the scalar product on both sides with |J). we obtain 
pO 
x x[5 № 
m mg s T w 
mme jt 
x DA (Ы) DP us) буу arr (5.53) 


Replacing the summation index u, by М” and summing over M' and j’ on 
the right and over m’ on the left, we obtain 


Di Co) 635 
= ы A mg 
xx [XE A a i id ME ы G0) DE us e). (5.54) 


Finally, we obtain 
ie олаи Й 
вы [A AA 2 2) dha Png шо» 


m m; mji p 


which is the same as Eq. (5.50). The inverse С.б. series can be used to 
generate the elements of all the matrices D(o), (j (> 2), if the rotation 


matrix. D2(w)is given. 


5.6. Unitarity and Symmetry Properties of the Rotation 
Matrices 


Rotation of a coordinate system is equivalent to performing a unitary trans- 
formation on the functions. 


Vitr!) = Уры) Umit), (5.56) 
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Var) = Уур, (о) У (т). (5.57) 
m 


Taking their scalar product and summing over m' we obtain 


Quas) = E DL, 2) р 2) (rs). 


тёр” 


du = 92 DE) Dh (5.58) 
r2 
The inverse relation of (5.56) is 
Фунт) = Ур. (2) Visi) 
= > Di бо) DÀ (ш) Vjsr(r) (5.59) 


Taking the scalar product with ¥,,(r),on both sides of Eq. (5.59), we 
obtain 


fum = Э Di (ш) Di mw). (5.60) 


Equations (5.58) and (5.60) are the mathematical expressions denoting the 
unitarity of the D-matrices. 

It is easy to see that two successive rotations through Euler angles œ, 
and o» is equivalent to a single Euler rotation œ. This yields a relationship 
between the D-matrices. 


Was) = DL.) (т) 


- 2 DE om (o2) Doo ui) Фи (т) 


= S Did {ш} Vjmn(r). (5.61) 
Hence 
Dl „(= 3 Dias) Dis (е). (5.62) 


The D-matrices exhibit the following symmetry properties: 


Ea Gee RENI ail DEED oe Coa (5.63) 
рі „(-1.-8,-а) = Dilah) (5.64) 
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If œ denotes the Euler angles of rotation (o,D.y), the inverse rotation 
@ is denoted by the Euler angles (~y-B, —9. The symmetry property 
(5.64) follows from the unitary nature of the transformation and Eq. (5.63) 
directly follows from Eqs. (5.22) and (5.24). 

Using the group theory, a general expression for D, (a, 8,7) has been 
obtained by Wigner and it is also given by Rose (1957). 


оте mmm 


+ т) = т) + uox = uy 


Di, (os By) 


(ir 
OP DECR ONERE 


| ү (5.65) 


=Й 


The sum over x is over all integer values for which the factorial arguments 
are greater than or equal to zero. 


5.7. The Spherical Harmonic Addition Theorem 


Consider any two points P, and P; on a unit sphere. In a certain coordinate 
system S, their coordinates are (8;, фу] and (62, 42). In a rotated coordinate 
system 87, let their coordinates be (6%, 4) and (#4, $), (See Table 5.1.) 
Then we can show that 


es 


П 


Уу" (Фф) Y (05,62) 


П 


Yen 01) Yr (sat (5.66) 


In other words, the quantity Z is invariant under rotation of coordinate 
system. 

To prove this, consider the quantity 7 defined in the rotated coordinate 
system. S' 


T= SS Ys" (844) Y (85, d]. (5.67) 


The spherical harmonics given in frame S' can be obtained from the spher- 
ical harmonics defined in frame S using the rotation matrices (Eq. (5.19). 


I= У) Dn) Du) (В) Yr (0h. du). (5.68) 


ттт 
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"TABLE 5.1, Polar coordinates of points Pi and Р; ш different coordi- 
nate systems S, S and 50 


Points | 5 5' So 
Si B) САА 0,0 
Ad САСА [A $0 


Summing over m and applying the orthonormality of rotation matrices, 


У DI seo) Duas (9) = бата (5.69) 
we obtain 
T= Y (0 Ф) Y 02.02) ima: (5.70) 


thereby proving that 7 is invariant under rotation. 

Now let us choose a convenient coordinate system Se, in which Р, lies 
on the Z-axis and Р, in the X-Z plane. Their coordinates in the frame S, are 
(0,0) and (0,0). The invariant quantity in this frame has a simple structure 


І 


JL Y (0,0) Y/7(6,0) 


DESI 
/ pm 
2 VTE bno Y 0,0) 


(5.71) 


Equating Tin the two frames 5, and S, we arrive at ће well-known theorem 
known as the spherical harmonic addition theorem. 


/ i MET 
ү m Y/(,0) = 32 ¥/"*(G1, фу) YI" (5. 62). 


т 


ог 


(#1) Y (s da). (5.72) 
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The angle Ө is the angle subtended by the two points Р, and Р.. Expressing 
YI (8,0) in terms of Legendre function, 


2041 


Y?(6,0) = P(cos 8}, (5.73) 


AT 


we obtain an alternative form for the spherical harmonic addition theorem. 


Pícos£) = этү 3 YI (s dn) УЧЬ, da) (54) 


5.8. The Coupling Rule for the Spherical Harmonics 


Now let us consider a rotation of the frame from S to S, In the frame S, 
the coordinates of the points P, and Р, аге (01, Ф jand (0, ф,). In the new 
frame S, Р, lies on the Z-axis and P; in the X-Z plane with coordinates 
(0,0). This rotation corresponds to the Euler angles 


(a, 8,7) = ($1,61,0), (5.75) 


Let us investigate how the spherical harmonic Y7"(8,, фз) associated with 
the point P. transforms under this rotation 


YPO, O) = Y^ Diol 1, 81-0) Y (0,62). (5.76) 
Comparing this equation with Eq. (5.72) obtained for the spherical har- 
monic addition theorem, we get the relation 


tr 
1+1 


Di (én 6.0) = (61,91). (577) 


This is a very useful relation giving the connection between the rotation 
matrices for integral j and the spherical harmonics and this relation can 
be directly used to obtain a coupling rule for the spherical harmonics with 
the same arguments. 

Consider the Clebsch-Gordan series 


Di o( $850) D2, (9.8.0) 
-x| Жи ] k а оао) (5.78) 
7 


ту mm 
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Replacing the rotation matrices by spherical harmonics using Eq. (5.77), 
we obtain 


Ar Aw mit, ma* 
Vus т 9) Y 069 
zx [5s m m | Ed 0 0 zh Vaart). 679) 


Taking the complex conjugate of the above equation and remembering that 
the C.G. coefficients are real, we have 


an) 2 Орт 
атое = ру) [m m a] 
1 


x | ud pres (5.80) 


This is the coupling rule for the spherical harmonics with the same 
argument. The C.G. coefficient n d i is the parity C.G. coefficient 


which is nonvanishing only if /, + 1, -/ is even. This implies that the 1 values 
in the summation take either all even values or all odd values depending 
upon J, and l 

The above rule permits an easy evaluation of the integral involving three 
spherical harmonics, 


2 = fy гта, д) YT (9, фу Үч (0,6) 40. (5.81) 


First let us couple the two spherical harmonics Y7"(0,) Y7"(0, d) 
and then integrate, applying the orthonormality condition of the spherical 


harmonics. 
- EU T ETT ET HU 
Var{l] т m milo 0 0 
x fre omo o an (5.82) 


Since the last integral simply yields 8,, бё шь we obtain 


рео 
= Yale) | тз m eu: 0 Е 94) 
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where the notation 
(= (21+1)# (5.84) 
is used. 


5.9. Orthogonality and Normalization of the Rotation Matrices 


In this section, we shall show that the functions D?,,,,,(w) are orthogonal 


on the surface of the unit sphere and evaluate the integral 


1 [PRs Dinal) de (5.85) 
where 
Bos s ar 
fu=f da | sind ds | e» (5.86) 
o o o 
Since 
xen paier (5.87) 
and 


Dum w) Doa (е 


m xl ho | 
сы ошон 
7 


«| up SB j | Pinte) (5.88) 


-m m m 
we have 
т л Aj р) i (OM 
Iz(-1) D he a S À] foi. coe. (5.89) 
j 
We can now evaluate the integral occurring in Eq. (5.89) by expanding 


Di, (oo) in terms of dL (5) 


Die) = e" ай (8) е" (5.90) 


ит! 


т т эт 
Јоле = J e ^" de Í di, (8) sin 8 d / nir ds 
о Jo ° 


= (2m)? bo ono f di, (8) sing 48 (3.91) 
в 
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Since the projection quantum numbers р and т are zero, j can assume 
only integer values and hence Ф) can be expressed in terms of. ¥;"(3,0) 
using Eq. (5.77) 


(68) = q ores. (5.92) 


Now the integration over the angle В can easily be performed. 


T Үр(8.0) sin 8 dB = var бо. (5.93) 


Thus, we obtain 
| Рі (ш) = Вт? буу био био. (5.94) 


Substituting this value of the integral in Eq. (5.89), we obtain 


С. ани a j m eae g 
ОИ 
х 8x? бур po дао (5.95) 


The summation over j is equivalent to replacing ј by 0. Since р = m = 0, 
it follows that pı = ps and m, = m. 


а о ЫЫ ЕП 
EH 


X 81? 655, бара бтата- (596) 


Using the symmetry properties of C.G. coefficient, we finally obtain 


Sua mim; (5.97) 


бал биа 


Review Questions 


5.1 Construct the rotation operator in terms of Euler angles of rotation 
and deduce the rotation matrix for j =} 

5.2 What is a spinor? A spinor is sometimes referred to as ‘half vector’ or 
‘vector with thickness’. Explain why? 

5.3 Define the rotation matrix and deduce the Clebsch-Gordan series and 
its inverse. Indicate the significance of the inverse Clebsch-Gordan se- 
ries. 
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5.4 Define the rotation matrix and deduce its unitary and symmetry ргор- 
erties. 

5.5 Given the rotation matrix for j = 5, explain how the rotation matrices 
of higher order can be constructed using the inverse Clebsch-Gordan 
series. 

5.6 State and prove the spherical harmonic addition theorem and therefrom 
deduce .the coupling rule for spherical harmonics. Apply the results 
so obtained to evaluate the matrix element of a spherical harmonic, 
(үтү |та) 

5.7 Evaluate the integral 


Гомер, 


where œ denotes the Euler angles of rotation o,B,y. Show that the 
rotation matrices are orthogonal. 

Problems 

5. Forj = 1, show thatJ2 = J» Using this relation and the definition 
of the rotation operator, obtain the rotation matrix d'(B) for rotation 
through an angle В about the Y axis. 

5.2 Using the inverse Clebsch-Gordan series, construct the rotation matrix 
D'(ofy ) given that 


EN. 
аус | ®ї 9809 
sin соз 


The following С.С. coefficients are given: 


n^ m 
Wm Urges 
ETT zi 
+} +} 41 
5.3 Using the inverse C.G. series, construct the rotation matrix for j = 5, 
given the rotation matrices for j = 1 and j = 4, 


5.4 Given the rotation matrix for j = 1, construct the rotation matrix for 
j = 2, using the inverse Clebsch Gordan series. 


test usc m 
+3 F3 0 2 


Solutions to Selected Problems 


5.1 Forj = 1, write down explicitly the matrices for Л, J$ and J} 


TSE 0 1 -1 0 1 
Jy= 1 0 -1 ‚#=-; 0-2 0]|.J$-Jv. 
(hy E A 1 0-1 
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ey = S^ (длу) 
Di 
зуу » (18у po? 
(2n 4 1)! = (2n+2)! 
= 1-dHy sinf + Jẹ (cosp — 1) 
Го om * -1 0 1 
E p 808} e: = Ue em qm 
ХОУ чы dg 2 MON 


where / denotes the unit matrix. A simple addition of the matrices 
yields the rotation matrix d'(B). 


115 со 0) — sing 0 cos) 
d=] sing әй —-WisnB |. (6%) 
30-58) y3sing 010) 


5.2 Using the inverse C.G. series, ће elements of the rotation matrix @(В) 
can be obtained. 


йыр экш курча 
lue XT m m т | [ш pg gk 


x dis (dk (D) 


For the elements di, d}_,, dl, and qi, ,, there is only one non- 
vanishing term in the expansion. Substituting the values of the C.G. 


coefficients and the elements of the rotation matrix di(}, we obtain 


Ae = cost = Кге, 
ZEB sine = M H 
di) = sin? 5 = =, 
йү (д) = wth = test 


For the elements d!,, d), d), and d',,, there are two terms in the 
expansion and substituting the values of C.G. coefficients and the ele- 
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ments of the rotation matrix d2(;3), we obtain 


didB) = = yoo sin = PEE, 
diu) = : 

ejes 

diu(B) = 


The element of the rotation matrix dl, ()has four terms in the expan- 
sion. Substituting the values of the C.G. coefficients and the elements 
of the d? rotation matrix, we find 


B 
dig(3) = cos? E = sin? 5 = 0053. 


The calculated elements are exactly the elements of the rotation matrix 
given in Eq. (5.98). 


CHAPTER 6 


TENSOR OPERATORS AND REDUCED MATRIX 
ELEMENTS 


6.1. Irreducible Tensor Operators 


We have seen that the angular momentum functions, Ч, transform as irre- 
ducible tensors of rank j. In a similar way, the irreducible tensor operators' 
are defined by their transformation properties under rotation. If Us is the 
Unitary transformation operator corresponding to a rotation R of the co- 
ordinate system, then the angular momentum functions \Р„(г) and the 
irreducible tensor operators T/(?)transform as follows. 


Un Vint) = Y Di, lw) Vir). (6.1) 


= VDL) TE 
m 


Ua TI) (6.2) 


The operators T/'(P;obeying Eq. (6.2) is said to be an irreducible tensor 
operator of rank k and it has 2k + 1 components (и 240... k). The 
above definitions are such that the equations involving tensor operators 
and also the matrix elements of the tensor operators retain the same form 
under rotation of coordinate system. 

The spherical harmonics Y;"(?)play a dual role, sometimes as angular 
momentum eigenfunctions of a particle moving under the influence of a 
spherically symmetric potential and in many cases they also occur as irre- 
ducible tensor operators inducing transitions. Depending upon their role, 
the spherical harmonics transform according to Eq. (6.1) or Eq. (62). 


6.2. Racah's Definition 


Racah (1942b) defines the irreducible tensor operators in terms of their 
"For supplementary study of irreducible tensor operators and angular momentum 


coefficients, the reader is referred to Biedenharn and Van Dam, 1965 and Biedenharn 
and Louck, 1981 
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commutation relations with the angular momentum operators J. and J. 
[Jz T] = wig. (6.3) 

А 
De = (ke wbtn+ DP тр. (64) 


The equivalence of the two definitions (6.2) and (6.3, 6.4) can be shown 
by considering an infinitesimal rotation of the coordinate system. For an 
infinitesimal rotation ёф about the Z-axis, the rotation operator U, is given 


by 


шее Р (6.5) 
and consequently Eq. (6.2) becomes 
cis TER) eitz = Ug! | 79995 | hy) ТЇ), 66 


20 


where the element of the rotation matrix D is expressed as the matrix 
element of the rotation operator О. Expanding the exponentials and 
neglecting the second and higher order terms ofé$, we obtain (suppressing 
the argument # for the operator Tj’ hereafter) 


(1 = i8@ Jz) TE (1 + 66622) = uw |Q -ito Fz) ku) TE. (67) 
w 
Simplifying, we get 
(Jz TE = Уи Izl ka) TE (68) 
zi 


Since |Би) is an eigenstate of the operator J. with eigenvalue p, we get at 
once the relation (6.3) from Eq. (6.8). 

Equation (6.8) was obtained by considering an infinitesimal rotation 
about the Z-axis. We will get similar relations if we consider infinitesimal 
rotations about the X and Y axes. 


[dx T] = У | en) TE. (6.9) 
a 

[TÉ] = Уил kn) TE. (6.10) 
a 


Combining Eqs. (6.9) and (6.10), we obtain 


Ux Hy TE] = Уи yd e) TE (611) 


y 
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which in turn, yields Eq. (6.4). Thus we have shown that the two definitions 
of the irreducible tensor operators are equivalent. 

In deriving Eq. (6.9), it was assumed that the element of the rotation 
matrix corresponding to a rotation 60 about the X-axis is given by 


Db, = (Ey |e 7» | ky), (6.12) 


This is of course true, but the usual practice is to express the rotation 
in terms of the Euler angles 08. The Euler angles corresponding to an 
infinitesimal rotation about the X-axis are given by 


(613) 
This will yield the rotation matrix 
Dh ( - 5,80, 2) = gite (6.14) 
which when substituted in Eq. (6.2) gives the following relation 
Ux, Ti = у ее" Qe! y | kay TE, (6.15) 


W 


which' is equivalent to Eq. (6.9). 


6.3. The Wigner-Eckart Theorem 


The Wigner-Eckart theorem states that the matrix element of an irreducible 
tensor operator between any two well-defined angular momentum states 
can be factored out into two parts, one part depending on the magnetic 
quantum numbers and the other part completely independent of them. 
The first part contains the entire geometry or the symmetry properties 
of the system and the second part is concerned with the dynamics of the 
physical process. The theorem states that the entire dependence of the 
matrix element on the magnetic quantum numbers can be factored out as a 
C.G. coefficient and the other factor which is independent of the projection 
quantum numbers is known as the reduced matrix element or the double- 
bar matrix element. 


ph EX 
бно) s [ А 2 от. 60 


Equation (6.16) is the mathematical statement of the Wigner-Eckart the- 
orem. Unfortunately there is no uniformity in the precise statement of 
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the Wigner-Eckart theorem and consequently the reduced matrix element 
differs from one to another. The reduced matrix element as defined in 
Eq. (6.16) is identical with that of Rose but differs from that of Edmonds 
(1957) by a factor. 


Gis |i Tell ji)Edmonas = 257 10710 Te 1L2- 


It can be easily seen that the first factor viz, ће C.G. coefficient de- 
pends on the coordinate system that is used to evaluate the matrix element 
and it also implies the law of conservation of angular momentum. If this fac- 
torization is possible in one coordinate system, then it is easy to show that 
it is possible in every other coordinate system obtained by rotation. The 
matrix clement in the rotated coordinate system (writing the coordinates 
explicitly) is given by 


(Bigg) [Wim = У рў, yf w) Di, (o) Di, 
түт 
(iss) TEE) Yil). (6.17) 


The coordinate r pertains to the original coordinate system and the coordi- 

nate r’, to the rotated coordinate system. If we assume such a factorization 
as given in Eq. (6.16) in the original coordinate system, then we have 

hr г if 1i г 

Vim m EEG Has) = у, Drm gle) Р в) Dos (o) 


трт 


e ате 
х E А, й | ш\л). вл) 


Coupling ће two rotation matrices by applying the C.G. series 


(6.19) 


3 m e ji ji J J 
D мемо |4 ; Ея 


and substituting it into Eq. (6.18), we obtain after summing over пи and 
n'QNote that m= mi* w = М), 


тыт! = DHF ap od 


J 


x Diy oll TILDE yr. (6.20) 
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Summing over J is equivalent to replacing J by jf and the summation over 
my yields 6,,,,4 as a result of unitarity of D-matrices. Finally we obtain 


k 


p zu GrH Tio. (6.21) 


Thus we have shown that if the matrix element can be written as a 
product of C.G. coefficients and the reduced matrix element in one coor- 
dinate system, then it can be factorized in the same way in every other 
coordinate system. 

The foregoing discussion cannot be considered strictly as the proof of the 
Wigner-Eckart theorem, although it serves as a consistency check. There 
are three different proofs of the Wigner-Eckart theorem, one due to Wigner 
(Brink and Satchler, 1962), another due to Schwinger (Edmonds, 1957) and 
the third due to Racah (Rose, 1957а). The first of the proofs make use of 
the definition Eq. (6.2) and the third rests on the commutation relation 
(6.3) and (6.4) 


(iis CD) | THE) | Wim (7)) = E z 


6.4. Proofs of the Wigner-Eckart Theorem 
6.4.1. METHOD I 


We shall first write down explicitly the matrix element Q of an irreducible 
tensor operator of rank К. 


9 Qs CO) EEG ГУ, (99); 


Је TEP) V; CP) dQ. (622) 


The angular integration in Eq. (6.22) can be carried out either by rotating 
the functions in a fixed coordinate system or by rotating the coordinate 
system, keeping the functions fixed. We shall opt for the latter method. Let 
us consider a rotation of the coordinate system through the Euler angles 
such that the angular coordinate #goes from (0,0) to (0,4). 


2E pil, Pol (9) 0%, „(9) DA, (09) 


тит 


X Wi, (0,0) T; (0,0) 9 (0,0) 40. (6.23) 


We shall first couple the two D-matrices using the C.G. series. 
ДП к PEE h k 
Dhyn, (O) Dil) ERE es » A] E y s] Dip (£0). (6.24) 


Substituting this into Eq. (6.23), we obtain 
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Q= D xr ale 5 dl 


mal pi! 


xW ms (0,0) TX (0,0) V. 


UL 


ont (010) 
x [ 95, „(@) Diy (2) 40, (6.25) 
JE 
where 


т 27 
40 = Jl sinodo f dé. (6.26) 
о o 


The integration over dQ can be carried out easily. 


JÈ m m Pigg) ao = 


4 
dr 
Inserting (6.27) into (6.25) and summing over J and mf, we obtain 


KR is 
со ү 


A ok jr p! 
duni | 7i с | (0,0) TE (0,0) V; (0, o}. (6.28) 


The quantity within the curly bracket in Eq. (6.28) is independent of the 
projection quantum numbers because of the summation over m’ and p'. 
Thus the matrix element Q depends on the projection quantum numbers 
only through the C.G. coefficients. The reduced matrix element is the quan- 
tity within the curly bracket and, as we have shown, it is independent of 
the projection quantum numbers. 


Fk a 
ва [44] 


х, (0,0) Т2 (0,0) 0400.0). (629) 


т ; 
D bi etse (627) 


СЕДЕ 


It will be instructive to calculate the reduced matrix element in the 
special case of the spherical harmonics. From Eq. (6.29), we have 


GUI) = oar mE m T 


x Y? (0,0) Y (0,0) Y" (0,0) (6.30) 
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Since 


Y (0,0) = JI bn, (631) 


Eq. (6.30) simplifies to 


voy  SQUFVDA4D EPG 11, 
avun = {рен (dr d (6.32) 


Thus, according to the Wigner-Eckart theorem, the matrix element of Уу? 
is 


my vet tim | н, LE emo. (633) 


mi т 
where the reduced matrix element is given by Eq. (6.32). This result is 
identical with the result obtained earlier using the coupling rule of the 
spherical harmonics. 


6.4.2. METHODII 


This proof is originally due to Schwinger and it is also given by Edmonds 
(1957). First let us consider the effects of operation of an irreducible ten- 
sor operator //'(#) on the angular momentum eigenfunction W;,,,,(#] and 
study the transformation property of the resulting function under rotation 
in order to obtain its structure. Let 


Ф(#) = TEP) Via (P). (6.34) 


Under rotation of the coordinate system, Ф(#) changes to $(7']. 


$(r) = UnTE*)UR' UR Yim (o), 
= Yow) ree ) Вл) (9). (6.35) 
m 


The result (6.35) is obtained using Eqs. (6.1) and (6.2). Using the C.G. 
series for coupling the two rotation matrices, we obtain 


zm E RUNS 
225 En и Mj|im ш м 


wl 


x Diputa) TE (9) Djem) 
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Rearranging and replacing the summation over р' by М”, we get 


2 po ЕЈ 
©) = xm a à |E peso 
J м 
з pie O sa (6.36) 


We sce that the quantity within the curly bracket transforms under rotation 
as a tensor of rank J and the function Ф can be expressed as a linear sum 
of such tensors of rank J, J taking the spectrum of values from |j, — k| to 
ji +k Let 


5 п Е 
мб) = У Ia ri sas (5) Vs), (637) 
m ү 


where т denotes the additional quantum numbers j; and k. Now Eq. (6.36) 
becomes 


Ше 


ae P | Y Posto teet (638) 


and it gives the transformation property of the function under rotation. 
From this study, we obtain the structure of the function (7). 


B= TEVA A к ы] тыме; — 639 
; 


This result can be used to evaluate the matrix element of a tensor 
operator. 


x TA - "AE E 
н EG Фу) = DLA E 
5 
X (ns) а). (640) 


To find the scalar product, (,,,, (2) | ap (?)). let us expand V; (7 
in terms of the complete set of functions pim (^) 


Vis (F) = Y, aum vaio (5) (641) 
7 


This is because the two functions P; (ê) and (Ф) may be in different 
representation and so they must be connected by a unitary transformation. 
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The quantities a. are the coefficients of such unitary transformation and 
the summation n is over the additional quantum numbers such аз}, and k 
which define the function „у (P). First we shall show that the coefficient 
ym is independent of the magnetic quantum number m. For this, consider 
the expansion of the two functions #,,,(#J and Фуу; 


#ы(#) = Y dam (Ф). (6.42) 
7 


Ун) = У алон Pentti} (643) 


Allowing the operator J./{(j - m) + m + 1)} $ to operate on both sides 
of Eq. (6.41), we obtain 


Von?) = Y aun Yj mail?) (644) 


Comparing (6.43) and (6.44), we see that 
Oyj m41 = ejm (6.45) 


Therefore the expansion coefficient aw. is independent of т and hence can 
be simply written as ay. Now the scalar product becomes 


(Vip) | Pass? 


вл, Bigs бум, 6.46) 
where N is the normalization constant of the function Фм: 
N = (фом | basm) (6.47) 


Using the relation (6.46) in Eq. (6.40), we finally obtain 


, уру ES d kj f 
(Dim (Р) | TEP) | Vm (8)) = | 22 H | Nay, — (648) 


where the quantity N a,, is independent of the projection quantum num- 
bers and is known as the reduced matrix element. 


6.4.3. METHODIII 


This method is originally due to Racah and rests on the commutation rela- 
tions (6.3) and (6.4). For details, reference may be made to Rose (19572). 
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First let us find the matrix elements of the commutators (6.3) and 
(6.4) between the two angular momentum states |j; m;) and |j; my). From 
Eq. (6.3), we have 


Ја \ jimi) = wip my TE ami). (6.49) 


(ay my zt? 


The operator J, may be allowed to operate on the left or the right state, 
as the case may be, yielding their eigenvalues. The resulting equation is 


(mr — m, — w) Gg ту | T7 | jemi) = 0. (6.50) 


Equation (6.49) simply states that the matrix element of the tensor operator 
will be non-vanishing only if 


my = mou. (6.51) 


In a similar way, the commutation relation (6.4) will yield another equation 
for the matrix element. 


(iy my | АЛ | dems) — Gy my |The | jm) 
= Pa (ke) Gp my | TE | jemi), (6.52) 
with the notation 
Ta (ke) = (ke n) n +1)}}. (6.53) 


Remembering that the Hermitian conjugate of J. operator is J. and vice 
versa and allowing the operator J. to act on the left or the right state, we 


get 
Uz(jg, mj) Gp meg FATE | ji mi) — Га (дт) у my | TE lji пты 1) 
= Tah. wig mp TE Lie me), (654) 
where 
Гат) = (Gy m) т I}, (6.55) 
Ty m) (jE mF т + IY} (6.56) 


It can be shown that the C.G.coefficient obeys the same Eqs. (649) and 
(6.54) obtained by replacing the matrix elements by the corresponding C.G. 
coefficients and hence we infer that the dependence of the matrix elements 
on the projection quantum numbers is the same as that of the C.G. coeffi- 
cients. 
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To obtain equations similar to Eqs. (6.49) and (6.54) for C.G. coeffi- 
cients, consider the coupling of two angular momenta |j;m;) and |kjr) to 
yield the resultant angular momentum |j fm s} 

i k 1 
ту) 23 | d m |! lji mi) |k u). (6.57) 


Mmi p 


The summation indices m, and p are dummy indices and hence it does not 
matter if these indices are replaced by m! and p' or m? and р" depending 
on the convenience. Remembering that 
Ја = hz + Jz, (6.58) 
and allowing them to operate on Eq. (6.57), we get 
A 5 d 
xoc oye) lg UN | Liem!) Iku’). (6:59) 
mint 

Substituting the expansion (6.57) on the left hand side of Eq. (6.59) and 
taking the scalar product of both sides with |j) | j;m;). we get 


hOB ју 
ЕНА 


In a similar мау, the operators 
Jz = hy + + 
operating on Eq. (6.57) yield 
seems) my FD) = 3 [8 H f zt ] 


Am 
x [Tg Go mD [i md F ре) + Tee i mile x 0]. (6.61) 
Expanding |jpm; 3 1) іп terms of uncoupled states, 
ventes] s VEO 
бт [д isse — 69 


Lo 


and substituting it in Eq. (6.61), we obtain 
А о TC 
Veg my) X E т | my #1 | limen") 


s Я 
- -rlà 5 d rss тт meh 


+ Tekin) [jem lew FY]. (63) 
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Taking the scalar product with |j;m;)|tj)on both sides of Eq. (6.63), 
we get 


pgs [teams 


Р Dk i 
DE Е 
I3Gr ту) m; p п 


тү! +1 p ту 
j LL k 
| Tus 3 deese. (6.64) 
since 
Taloni) аа = Галы), (6.65) 
Ux) баж = aC. (6.66) 


Transposing the first term on the right to the left, we get an equation which 
is similar to Eq. (6.54). This study shows that the matrix elements of tensor 
operators have the same dependence on projection quantum numbers as 
the C.G. coefficients. Therefrom it follows that the dependence of a matrix 
element on projection quantum numbers can be factored out as a С.б. 
coefficient, and so the remaining factor called the reduced matrix element 
should be independent of those projection quantum numbers. 


6.5. Tensors and Tensor Operators 


In this section, we shall discuss some relations involving tensors and tensor 
operators (Racah, 1942b). 

The effect of a tensor operator T? operating on 17" which is a tensor 
of rank j is to yield a linear sum of tensors V^ of rank 2,4 varying from 
lj-kl to j + А 


три = Y, | Чу he (6.67) 


m p m. 
5 L A 


Just as one can write the tensor product of two tensors Ux and Ui, 


RET DEOS Mere 
Uy, xU) 2» A ae X ] Up, Up, (6.68) 
E" 


and its inverse relation 


pmi ppm Ar Ag A m 
UU L | m. ne ie | (Un X Un, (6.69) 
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we can also write similar relations for tensor operators Ту: and T2 : 


" hok k а 
Ta x Ты) = жт, 6.70) 
Cun eY[ о иат 6w 
and 
PET ki ky k 
TR D fie а хт. (6.71) 


The complex conjugate of a tensor {7} is given by (for integer values 
of X and О real) 


(UY = Conus, (672) 
and if U is complex, the corresponding relation is 
(ORY = (-1)" (07). (6.73) 


This choice of phase coincides with that for spherical harmonics. However, 
sometimes in quantum mechanical applications, it is convenient to redefine 
irreducible tensors as 


Djz gU; (6.74) 

for which the complex conjugate is given by 
(бру = (-19-" б" (6.75) 
The choice of this phase can be used for tensors of integer as well as half- 


integer rank j. 
For a tensor operator of integer rank k, the complex conjugate is given 


by 
(ty = (-L* Ty’. (6.76) 
The scalar product of two tensor operators 7, and S, of equal rank is given 
by 
Ti - Se Э (1 TES,", (6.77) 
= 


and it сап also be expressed as a zero rank tensor obtained by taking the 
tensor product; of Т, and 5. 
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T kok А 
(Thx 5% = Se S | 
^ 


= UM se 


n 


ly Se (6.78) 


In the derivation of the above result, the symmetry property of the C.G. 
coefficient has been used. The inverse relation is 


ту. = (-1) [k] (Tk x SEB. (6.79) 


The concrete examples of spherical tensors are the angular momentum 
eigenfunctions. The spherical harmonic operator Y, the spherical compo- 
nents of the position vector operator r, the momentum operator р = -iY 
and the Pauli spin operator с may be cited as examples of spherical tensor 
operators. For instance, the position vector operator r can be written as 


Ney nite) єг 


u 


(6.80) 


Review Questions 


6.1 Define irreducible tensor operators (a) using the transformation prop- 
erties under rotation and (b) using their commutation relations with 
angular momentum operators. Establish the equivalence of these two 
definitions. 

6.2 State and prove the Wigner-Eckart theorem. Explain its importance. 

6.3 Construct a function (7) by operating an irreducible tensor opera- 
tor 7; (7) on the angular momentum eigenfunction V, (f). Study 
the transformation property of the function (7) under rotation of 
coordinate system and hence deduce the Wigner-Eckart theorem. 

6.4 Give Racah's definition of irreducible tensor operators and show that 
the matrix elements of such tensor operators have the same dependence 
on projection quantum numbers as that of C.G. Coefficients. Hence 
deduce the Wigner-Eckart theorem. 

6.5 Given апу two tensor operators Тү: and 7,2, construct their tensor 
product. What are the allowed values for ihe rank of the tensor oper- 
ator so constructed? If К, = К, construct their tensor product of rank 
zero and show how it differs from their scalar product. 
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Problems 

6.1 Evaluate the matrix element. (jp m, |.ЛЕ| jj m;), where Jpis the spher- 
ical component of the angular momentum operator J. 

6.2 Write down the spherical components of the position vector r regard- 
ing them as spherical tensor operators. Evaluate their matrix elements 
between orbital angular momentum eigenfunctions and deduce the se- 
lection rules. 

6.3 Evaluate 


Y Xm bm) 


тту | кш 


6.4 Show that the tensor potential 
mS 
51 = (o tr) (02:7) – 9, "92 
E 


of the nucleon-nucleon interaction is a scalar product of two tensor 
operators, each of rank 2, as given below. 


^(f): (m X оз)2. 


5и = ү 


Solutions to Selected Problems 


6.1 Using the Wigner-Eckart theorem, 


К "|; NE 
Gratin) = [3 a 2 ponts ses 


mi и ту 
й d пту 
= ke и ту р, басите 


6.2 
Sep veer". 
y 


7 ECD" ym EAE 


T 


дє”. 


üpmylelhm) = y 


Using the Wigner-Eckart theorem, we obtain 


TR 


(tom; Ye EIS 


5 
Him) - | АПШЕ? 
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The reduced matrix element involves the parity C.G. coefficient 


«imis [$$ 2] AE 


Parity C.G. coefficient gives the selection rule 


tektl, 
since the parity C.G. coefficient vanishes if 1 = |. 


Using the Wigner-Eckart theorem, 


qu $0 ck Y 
бту Тато | Ж E oins 


The square of the matrix element will involve cross terms with indices 
k and K^. The resulting C.G coefficients can be simplified by performing 
the summation over the magnetic quantum numbers т, т. 


x [ Bis | [ й k is |6 Ur еба. 


my p mpjtm р ту | [eei 


mmy 


The summation over p and p' are redundant since 


The final result is 


D 


түтү 


arn bar. 


Semel TE йн) = l 


Ep 
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COUPLING OF THREE ANGULAR MOMENTA 


7.1. Definition of the U-Coefficient 


When there are three angular momenta, we have six mutually commut- 
ing operators 
2, J2, FR, ла, Jaz, Jaz, (7.1) 


for which опе can find simultaneous eigenvalues. We can find a coupled 
representation by successive addition of two angular momenta. This can be 
done in more ways that one as shown in Fig. 7.1. For instance 


Jigs Js da Жз + Jas (02) 


or alternatively 
Ja-JitJa Ј= + Io, (7.3) 


It is possible to go from the uncoupled representation to any one of the cou- 
pled representations by a unitary transformation and in the same way it is 
possible to go from one coupled representation to another coupled repre- 
sentation by means of a unitary transformation. The commuting operators 
in the two coupled representations are respectively 


А E R (7.4) 


1з 


Ji л 


Figure 1.1. Coupling of Three Angular Momenia. 
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and 


ТАБА J^ Jz, (7.5) 


for which simultaneous eigenvalues can be determined. Denoting the cor- 
responding eigenstates by [(ji, ja)jiaja;jmi and [As js) аз; jm) we can 
relate them by a unitary transformation. 


lian ja: jm) = > OCs Jo otn dos li Gji } т), — (06) 


and 


V ninos jm) = У 5 U Gua fot joda Mo uni m), (7.7) 
E 
where U(jjjj ; jaj») is a unitary transformation coefficient. 

The U-coefficient is the unitary transformation coefficient which enables 
one to go from one scheme of coupling to another scheme of coupling, and 
so it is to be anticipated that the U-coefficient should reduce to unity when 
the two schemes of coupling become identical due to the vanishing of one 
of the three angular momenta j, j> and /. 


U( 10: jiz jos) (7.8) 
It is ош purpose here to express ће U-coefficient as products of C.G. 
coefficients with a summation over projection quantum numbers. It can 
be seen that the U-coefficient is independent of the projection quantum 
numbers. This offers a great advantage. In many problems involving prod- 
ucts of a large number of C.G. coefficients, reduction can be made to the 
U-coefficient which does not involve the projection quantum numbers and 
hence independent of the choice of the frame of reference. 


7.2. The U-Coefficient in terms of C.G. Coefficients 


We shall now explicitly write the eigenstates in the two representations in 
terms of the eigenstates in the original uncoupled representation. 


dO EPIS Zr eres ИИ УГ. 
Кай}лэўз т) = pu ds. goles B. 21 
x Jam) јето) [m3]. (7.9) 
= ja ia es ap йе су 
ludis) = Y, B m, lle аб А 
mimi 


x |йт) ота) |joms) (7.10) 
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Substituting Eqs. (7.9) and (7.10) into Eq. (7.6) and taking the scalar 
product on both sides with |jij:)|j2):2)[jsgis) we obtain 


Ao Јо | [од j 
ji do шә | | pz ga m 
ja јз hs j 
= È Uhia jn. КОТ 
= У Uhja a [2 Fe eal Pgs us | (41) 


ES 


Equivalent relations can be obtained by using the orthonormality of C.G. 
jo js Йа 


coefficients. Multiplying both sides b; 
PES Ys ds Hes 


and summing over 


ш, we obtain 
3 Ah ja][A js ES Je | 
lia ш аз] (аа ss mo [gu ps es 


7 Жз i 
= U(hjoiis эз) lz m б [ (7.12) 
Replace }/ by j and once again multiply both sides by ће C.G. coefficient 


Ша 
coefficients, we obtain, 


then? ud Jover н. Using again the orthogonality of С.б. 


Uljijofisjs) = Sur Жү | [ sed | 


[MI dip ps т 
гт 
z IE Ja || E {| 1.13) 
Нә Из рз Hi роз т 


Equation (7.13) can be obtained directly from Eq. (7.6) or Eq. (7.7) by 
expressing the coefficient as a scalar product of the two eigenstates obtained 
in the two schemes of coupling. 


Uia jet hadas) = (ја) лојз jm | ji ads Mass jm]. (7.14) 


Now expanding the two coupled states in terms of uncoupled states using 
Eq. (7.9) and Eq. (7.10) and applying the orthonormality condition for the 
uncoupled states, we obtain the relation (7.13). 


73. Independence of U-Coefficient from Magnetic Quantum 
Numbers 


Out of the six projection quantum numbers pi, Ha, Hs, p; H and т that 
occur on the right hand side of Eq. (7.13), т is fixed by the definition of 
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U-coefficient (Eqs. (7.6), (7.7) and (7.14)) and consequently only two are 
free variables due to the following three constraints. 


#12 nob; fas = pac из; т = pa +p + s (7.15) 


Since there is a summation over the only two free variables p: and p: 
in Eq. (7.13), the U-coefficient is independent of the projection quantum 
numbers. 

The independence of ће U-coefficients from the projection quantum 
numbers can also be seen in an alternative way (Ramachandran, 1962). 
In Eq. (7.14), the U-coefficient is expressed as a scalar product of the two 
eigenstates obtained in the two coupled representations. The scalar product 
can also he treated as a matrix element of the unit operator between these 
states. Applying the Wigner-Eckart theorem, we obtain the reduced matrix 
element which is independent of projection quantum numbers. 


Uljijajjs joia) = (ilj) 1т]1|(310)йэў jm) 


= Ir: 0 И ООШУУ, 


= Gioia LI Ga Mod д. (2.16) 
Thus we find that the U-coefficient is in fact the reduced matrix element 


of the unit operator taken between the eigenstates in the two coupled rep- 
resentations and hence independent of the projection quantum numbers. 


7.4. Orthonormality of the U-Coefficients 


Each of the coupled states |j; йг) 2з; jm) and | (јоз) јаз; jm] obey the 
orthonormality property and hence by using Eq. (7.6), we arrive at the 
orthonormality property of the U-coefficients. 


Do (лја juries) Uia js ados) (7.17) 
эз 

In a similar way, the inverse relation (7.7) yields 
SOU Used jot jija) (ўз Азйа) = (7.18) 


fin 
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The Racah Coefficient and its Symmetry Properties 


The U-coefficient is related to the Racah coefficient W which has some 
simple symmetry properties’. 


U(abed; ef) = [e] f] W(abed: e f) (7.19) 
The U-coefficient and the Racah coefficient will vanish if the four trian- 
gular conditions A(abe), A(cde), A(acf) and A(bdf) are not satisfied. The 
parameters а, b, c, d, e and f in the Racah coefficient can be interchanged 
as one likes provided these four triangular relations are preserved and the 
new Racah coefficient thus obtained differs from the old one utmost by a 
phase factor. 


Wabed;ef) = W(edab;ef) = И (аас cf), (7.20) 
= W(acbd; fe) = W(bdae : fe), (21) 
= (—1)°%#—°-/ W(ebe f; ad), (722) 
= (yt W(aefd; be). (7.23) 


Also a new coefficient T(abed,ef) can be defined such that it is invariant 
under permutation of any of its arguments provided all the four triangular 
relations are preserved. 


T(abed, ef) = (1) ****** W (abed, ef). (724) 


The wigner 6-j symbol is related to the Racah coefficient as follows. 


{ т E И ] = (1*7 H W(abed, ef). (725) 


Algebraic as well as numerical tables of Racah coefficients are available. 
Also a closed expression for the Racah coefficient has been deduced by 
Racah and it is widely used for computer programming. 


W(abcd,ef) = A(abe) A(cde) A(acf) A(bdf) 

(еннен G1) 

(z—a—i- ez -e-d- esa 
1 

atb+ctd—alatd+e+ f-a)(btcetetf-a) 


‘For а detailed study of the symmetry properties, the reader may refer to Biedenharn 
et al. (1952, 1965, 1981) and Srinivasa Rao and Rajeswari (1993). 


Dis -6-4- р) 


(7.26) 


E 
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where A(abc) is the triangle coefficient, symmetric in its arguments. 


Alabe (7.27) 


Тавь ока b+ c -ad bon: 
Di (ab cx 1)! 
This coefficient vanishes unless the triangle condition in a,b and c is sat- 


isfied. The summation index x assumes all integer values for which the 
factorial arguments are not negative. 


7.6. Evaluation of Matrix Elements 


The following matrix elements can be evaluated using the concept of U- 
coefficients. 


Ф = (пт | TRO) | јат). (7.28) 
Ф = (айт | TE(2) dim). (7.29) 
Qs = Quam Т1) T) т). (7.30) 


In a two-particle system, a transition occurs from its initial coupled state 
jaja jm) to its final coupled state [j!j2j^m") due to a tensor operator T/(1] 
operating on particle 1 or 7{'(2) operating on particle 2 or a scalar product 
of two tensor operators, one acting on particle | and the other acting on 
particle 2. 

A straight-forward method is to write down the coupled angular mo- 
mentum wave functions in the uncoupled representation using the C.G. 
coefficients and then apply the Wigner-Eckart theorem to obtain the re- 
duced matrix elements. For instance, 


xxm А 
„т ж то | ти m пи 
x (тута | TEC) jum joma], 
EE парк 
|m m om | Lm m т | т пт 


х AH MEAD А) 8 nd (31) 


Qi 


The summation over m/ is redundant since у = m, + p and the matrix 
clement О, exists only if j = jf and m; = ml, The three C.G. coefficients 
in Eq. (7.31) can be suitably rearranged using the symmetry properties to 
yield 


COUPLING OF THREE ANGULAR MOMENTA 83 
Sy ees 0 Ak A 
m m m a | mi 


A (-1 A у^ koh RH 7 и. 
pom m || а тт || т m т 


mi 


FAS er AER ^ з 
= (чуй P OP]vaggueks. using Ba (7.12), 


мане рун [ 2 & o 


| ШЕЙ, Hd) (7.32) 
Substituting Eq. (7.32) into Eq. (7.31) and simplifying the phase factor, we 
obtain 

ОЁ 


3 рь ait) Gt 
d Lean uino. cam 


Qi = (=) | 
Using a similar procedure, we can evaluate the matrix element Q». 


k 
a[i E i vassen a 


To evaluate О, we observe that the transition operator is a scalar in 


the two-particle space and hence /' =j and m' = m. 


Qs = Gimp) Ty) uai) 
У-и | TEL) T^) лут). (7.35) 


Expanding the initial and final two-particle states into uncoupled single 
particle states and applying the Wigner-Eckart theorem, we obtain a prod- 
uct of four C.G. coefficients which when summed over magnetic quantum 
numbers yield a U-coefficient as shown in Eq. (7.13). After some rearrange- 
ment, we finally obtain 


18] 
[йл] 


7 (sss 332) (iy А LR) G8 | Т2) L2). (7.36) 


Qs =(-1)* 


It is instructive to obtain the matrix element Q, by applying the Wigner- 
Eckart theorem to the combined two-particle space and then use a simple 
argument with respect to the coupling scheme. 


И ener 9 6 
Voss HM IT) fried} буз, + (7.37) 
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The kronecker delta in Eq. (7.37) arises since the particle 1 does not un- 
dergo any transition because the operator acts only on the particle 2. By a 
simple argument, it can be shown that the matrix element in the coupled 
representation can be expressed in terms of the matrix element in uncou- 
pled representation using the U-coefficient. 


Coupling scheme adopted in Coupling scheme adopted іп 
the coupled representation е uncoupled representation 
IitI,=F Jot K= J 
J¢K=J' А +у= J 
We at once observe that the above two coupling schemes are exactly the 


two coupling schemes, we studied earlier in the coupling of three angular 
momenta 


J =Ji+J:+K, (7.38) 


and one can go from one scheme to the other scheme by means of unitary 
transformation denoted by the U-coefficient. So, it follows that 


2) G2 ED Q2 1172). (7.39) 


GU TQ) 1223) = U Giai: 
In a similar way, we can evaluate О. 


T dr ns 
a= E P }, ааа, (7.40) 


Ifwe switch the order of coupling of particles 1 and 2, we get 


Giai To) Mag) = (o1) t7 (aye? 
x Gh TRI 04D 


using the symmetry properties of C. G. coefficients. The reduced matrix 
element occurring on the left hand side of Eq. (7.39) is identical with the 
reduced matrix element occurring on the right hand side of Eq. (7.41) except 
for the interchange of the particle labels 1 and 2. So from Eq. (7.39), it 
follows 


Gaii || TAL) Linh) = UG $8) (а ТЫ). 042) 


Combining Eqs. (7.40),(7.41) and (7.42), we obtain the result given in 
Eq. (733). 
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Review Questions 


7.1 (a) In the coupling of three angular momenta, show that there is more 
than one coupling scheme. Define the unitary transformation coeffi- 
cient U that connects one coupling scheme with another and express 
it in terms of C.G. coefficient. 

(b) Show that the U-coefficient is independent of the magnetic quan- 
tum numbers and deduce the orthonormality of the U coefficients. 

7.2 Define the Racah coefficient and state its symmetry properties. How is 
it related to the 6-j symbol? 

7.3 Evaluate the following two-particle matrix elements and express them 
in terms of single particle matrix elements. 


(а) Guam (TEB) јат). 


(5) Gija | TRO) hdadm)- 
(с) (а VQ) TQ) | Adam). 


Problems 


7.1 Determine the following Racah coefficients using their general proper- 
ties: 


(i) W(1021, 11), Gi) W(1232,11), (iii) W(1111,10). 
72 Evaluate the following reduced matrix elements: 


(а) (023111032), 
© Uile ПЕЛ). 


7.3 Evaluate the matrix element: 


таро: L| liim). 


74 Find the expectation value of the operator ¥(#)in the single nucleon 
state {J 4 jm = j}. Consider both the possible values of j(- / + 


Solutions to Selected Problems 


74 (i) U(1021, 11) = 1 since the two coupling schemes are identical 
because one of the angular momenta to be added is zero. 
From Eq. (7.19), it follows 


UQ021,11)= [HE] W(1021,11). 
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Hence the result W (1021 , 11) = 3 follows. 


(й) (1232,11) = 0 since the triangular condition is not satisfied 
in one case. 


(iii) WC 1111, 10) = 


#(1101,11)= -W(1011,11)7 ~=}, 


7.2 (a) Using Eqs. (7.28) and (7.33), we obtain 


(rd MMM d) = Con) UG gta) Eg ГУП), 


where 


^ KAWI у: 
оао = [о gh 


The above result can be deduced from Eq. (5.82). 


(b) Since б. f is a scalar (strictly a pseudoscalar) in the combined 
space of configuration and spin, j, should be equal to j. So, let us 
impose the condition j, — ГА 


Гат 


а) 


Applying the result (7.36), we obtain 


"ез Л) = -U 3) HIS HG |), 


with 


шїї = ЖНГ] 
Шей 


Substituting the algebraic expressions for the U-coefficient and the 
C.G. coefficient and simplifying, we finally obtain 


(halle vli) -1. 


The above result can be obtained from a simple consideration. Since 
б -ê is а pseudo-scalar in the j-space, its parity is —1. Therefore 


E 


= +1 


In other words, if = +}, then J, = j - Lor vice versa. 
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Since the square of the operator 


(o^) lo: è) = 


it follows that 


ve 


remembering that б. # is a pseudo-scalar. 
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GULAR MOMENTA 


COUPLING OF FOUR 


8.1. Definition of LS-jj Coupling Coefficient 


If there are two particles with spin, then the determination of their resultant 
angular momentum involves the addition of four angular momenta. Two of 
them are their orbital angular momenta /, and /. and the other two, their 
spin angular momenta s, and s. Their resultant angular momentum can 
be found in more than one way. One way is known as the L-S coupling 
scheme and there is another way called the j-j coupling scheme. 


1-8 coupling scheme j-j coupling scheme 
+= 1 +з = 7. 
sits=$ by +s. = jz 
1+8=7 Acti 


lust as one can go from the uncoupled representation to anyone of 
the coupled representation by means of unitary transformation, it is also 
possible to go from one coupled representation to another coupled repre- 
sentation, by unitary transformation. In each representation, there are a set 
of eight mutually commuting operators for which simultaneous eigenvalues 
can be determined and they are given below. 


a) Uncoupled representation 
R, Gr si, Sh le lass 312, 8з. 


b) L-S coupled representation 


c) jj coupled representation 
B.E sty hy Ji Ja 7. Je 


Let us denote the state in each representation by their quantum num 
bers, and expand the state in the j-j coupled representation in terms of a 
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complete set of L-S coupled states. 


hon a 
|llosisa js M) = Уу | s2 ja | Mslasiss SJM}. (8.1) 
Tay | HEC ced 
ho л 
The coefficients | /; з; јә | are the elements of the unitary transforma- 
Deyo EET 


tion matrix. They are known as the LS-jj coupling coefficient and can be 
expressed as the scalar product of the states in the two coupling schemes. 


hos A 
la 52 ja | = (hlosiss L8JM |15512, jija М). (8.2) 
vi A 


These coefficients can be expressed in terms of products of six C.G. co- 
efficients and, like U-coefficients, these LS-jj coupling coefficients are also 
independent of projection quantum numbers. Since the C.G. coefficients 
are chosen to be real, it follows that the LS-jj coupling coefficients are also 
real. Consequently by taking the complex conjugate of Eq. (8.2) we obtain, 


hos л 
bos ja | = (bhhsisz jijaJ M|hlasss L8JM). (83) 
TOREM) 


8.2. LS-jj Coupling Coefficient in terms of С.С. Coefficients 


The LS-jj coupling coefficients can be expanded in terms of products of 
six С.С. coefficients using either Eq. (8.2) or Eq. (8.3). For this purpose, 
each of the coupled states |h155; s;, 28А) and |12182, 4142 M) (which 
hereafter will be referred to simply as {LSJM and [jj j;/ MY has to be 
expressed in terms of uncoupled states. 


TIUS & ob £L 99652 ce jx Bl e 
82м) = У [ 5 zum ja ms | mi ms M 


x (ат) fam) аад) вооа) (84) 
z hos л 5 з je ahh. eh 
s 
127) = Iz nM |i. n ia] lin MM 


x [ААА ә booa) (8.5) 
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Substituting Eqs. (8.4) and (8.5) in Eq. (8.2), we obtain 


hos ji Res, 
Е | 3 
УЕ таша mz d Ms (roe 
ef $ ph à Alb se * 
m, ms MÍI|X n Mill X » Mp 


; J 2 
| h jr | tms o ema na) 


ту me ть 


Es GET 


M М, 
х (яуа | sun) (sotto | S22) (8.6) 
In the above equation, the summation over m, = m, + m. is equivalent 


to summation over m; and similarly, the summation over M, = М + v, is 
equivalent to summation over у. Therefore 


hos ji Уу; la бу alle: $3 2] 


esp des 
mi m т, 2 ms 
LSI 1 m mid | pa ge ms 


a mai ada 


e ОЕ hos ja 
my ms M|[ m № [А $ Ms 


qe i 
sib аа m 


Summing over the magnetic quantum numbers A, А. and v, is equivalent 
to replacing them by m, т; and p, because of the 5 functions. The last 8 
function in Eq. (8.7) is redundant since 


М = т + matin + ш = А + М ++ 


Hence it follows that. 


n noh e: fic ee fe а = 5 
па = ту m; mi 
E SEES misma 


TUA T 9 
ть ms M||m ш Mi 


h 5 je Qv d aL 
ale fy MM M wr G9 


In Eq. (8.8), the LS-jj coupling coefficient is expressed as a product of six 
C.G. coefficients with a summation over three projection quantum numbers 
m, m; and pl 
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8.3. Independence of the LS-jj Coupling Coefficients from the 
Magnetic Quantum Numbers 


It is easy to see that the LS-jj coupling coefficients will not depend on the 
projection quantum numbers. In Eq. (8.8) there are altogether 9 projection 
quantum numbers viz, m, ms pups, m ms, M, М, and M. Of these, 
the four quantum numbers т, ms, М, and M. are not independent since 


mp =m + ma; mscghdga; Му = та tia; Ма = та gm. 


Also the projection quantum number M is fixed as per the definition of 
LS - jj coupling coefficient given by Eq. (82). Out of the remaining four 
quantum numbers m, m, ul and p2, only three are free variables since 


M = ту + ma t pn + ua 


On the right hand side of Eq. (8.8), there is a. summation over these three 
variables, thereby making the LS-jj coupling coefficient independent of the 
projection quantum numbers. 

The independence of the LS-jj coupling coefficient from the projection 
quantum numbers can also be shown in a more elegant way using the defi- 
nition (8.2). 


hon j 
pee = CST Maia) 
X UAE 
= (SIM | ARIM) 
J 0 J a 
= [i o [sein 
= {LSJ |] jj2J). (8.9) 


Above, we have considered the scalar product (54M | j152 M) as the ma- 
trix element of the unit operator taken between the two coupled states. Rec- 
ognizing the unit operator as a zero rank tensor and applying the Wigner- 
Eckart theorem, we obtain the desired result that the LS-jj coupling co- 
efficient is, in fact, a reduced matrix element which is independent of the 
magnetic quantum numbers. 
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$4. Simple Properties 


Putting s, = 0 and s. 


s in Eq. (82), we obtain 


h 0 ji 
los ja | = (hls L5JM | hla0s, Jua M) 
к 


= ((hl)Ls JM | h{les)j2, 4 M) 
= U(hlsJs. Lja). (8.10) 


Thus we find that the LS-jj coupling coefficient will reduce to a U- 
coefficient if one of the four angular momenta were to be zero. This is what 
we should expect since there is effectively only three angular momenta to 
be coupled. 

Using the property of the orthonormality of the functions, one can ob- 
tain the orthonormality of the LS-jj coupling coefficients. 


hon Bh hos ji 
N fh) b o5 % | = ба бый. (8.11) 
zd I CNET o 

hos A hos л 
Ejh s in | | s J | = bras Oss. (8.12) 


ыр S J А 


Instead of фе LS-jj coupling coefficient, we can define ће Wigner 9-j 
symbol (sometimes referred to as the X-coefficient) which has a better 
symmetry property under permutation of columns or rows. 


пал пал 
diz s3 ja | = DES] 12 s2 i pe (8.13) 
ies i Toes ae 


The curly bracket in Eq. (8.13) is referred to as the Wigner 9-j symbol or 
the X-coefficient. The 9-j symbol is invariant under even permutation of 
rows or columns but odd permutation will introduce a phase factor (-1)T 
where T= Ls + ++ »+ +1 +8+ 


ho л {зз ја 
bos јо ф=(-0 5 а йү: (8.14) 
Luc Sues. L3 


Also an interchange of rows and columns will leave the Wigner 9-j symbol 
as well as the LS-jj coupling coefficient invariant. 
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8.5. Expansion of 9-j Symbol into Racah Coefficients 


Consider the expression (8.8) for the LS-jj coupling coefficient. There are 
six C.G. coefficients which can be grouped into three pairs. Applying the 
relation Eq. (7.10) to each pair, we obtain 


ИЕТ ESRI 
m m; mg} lm, ms M 
һ 8 els tod 


тз ms m || пы m M 


(a) (0) 


= x» U(IlaJ.5; Lt) [ 
D 


hos А |А à J 

m m Mi || Mi Ms М 
е : ay SB xs hee e 
Укол Ms 2 NES ть &] (8.16) 


(e) (4) 


а 5m S || s j 
i ga ms || та up Ms 
go E ev (ч db CER 
жи э Srl ine aa, SLD 


M 0095) 


G- A Мт te ap 
ahas тә allie m. —M3 G1) 


(е) (Л 


= (реи 


Substituting Eqs. (8.15), (8.16) and (8.17) into Eq. (8.8), ме сап now 
perform the summation over the three projection quantum numbers in the 
order maul and m, Of the six C.G. coefficients, we now have, (a) and 
(е) alone depend on m. Similarly (c) and (f) alone depend on ul. The 
summation over т: and pl are carried out using the symmetry and the 
orthonormal properties of С.б. coefficients and they yield the à functions 
as shown below: 
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LEE SEO be Fc 

m ms m || ms -m m 
x пБ К о 
x ma ms m, m ms -m 

EXE (8.18) 
Seo alen e 5 
m М m|| m m -M 

z 

= ee hou s jo») [a] 

"sm Me т. |а М =m |T] 


= ae (E (8.19) 


Thus we obtain 


uos A GER 
|: sh | = У ЕШ vus, и) Us Jis e) 


ЕЗУ ЛЖ ИЕ ОЕ 
" j ee i a У 
x inis) | gy me ale m. М 
X 6 iy бы, -my Suu бта -ms (8.20) 


Summing over и and v is equivalent to replacing и and v by |. Then 
thesummation over т, simply yields unity. It is to be stressed here that 
the summation over т, is to be done last since M has a fixed value in the 
definition (8.2). Hence 


па RÀ 7А] 
bs = PES U(Ilad S Lt) U(lys Tf. jat 
|; ? 5] У da ) Usi ja. fu) 


x 0(8153, sot). (8.21) 


Replacing the U-coefficient by W-coefficients and the LS-jj coupling 
coefficient by the 9-j symbol, we finally obtain 


пал 
l s d = Уе Wb4S, 14) Wha js ht) 
n 


x W(siSjals, sat). (8.22) 
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In Eqs. (8.21) and (8.22), there is a summation over 1, the upper and 
lower bounds of which are determined by the triangular condition to be 
satisfied by all the three Racah coefficients. 

Numerical tables for the 9-j symbol are available. Once we have a com- 
puter program for the Racah coefficients, it can be extended to the 9-j 
symbols using the formula (8.22). It will be useful to write a computer 
program for the 9-j symbols based on the formula (8.22). 


8.6. Evaluation of Matrix Elements 


The following matrix element can be evaluated using the concept of LS-jj 
coupling coefficient. 


Q = Quim ЬО) х Teg QJ Lem) 
k Pls 5 
= ie 5 à Lk Gu MTS Ox T QD lie). (8.23) 


In the above reduction, the Wigner-Eckart theorem is used. 

The reduced matrix element does not depend on the projection quantum 
numbers and it can be expressed as a product of two single particle reduced 
matrix elements using the concept of recoupling scheme that arises in the 
addition of four angular momenta j' = j + j: + ki + ko. 


Scheme A Scheme B 
áhti-i htk=jy 
ki+kz=k jz + ka =j} 
і+к= hth 


Scheme A corresponds to the two-particle reduced matrix element given 
in Eq. (8.23) and scheme B is what we require to express the two-particle 
reduced matrix element in terms of two single particle reduced matrix ele- 
ments. One can go from scheme A to scheme B by means of LS-jj coupling 
coefficient. 


Gus || (0 x Tig (2601) 


АКИ Бр) 
=| ki ka АТ ПА) Т, Q2 1). (824) 
ihi 


The matrix elements О, Q; and О, denoted by Eqs. (7.28), (7.29) and 
(7.30) and evaluated in the last chapter using U-coefficients can be con- 
sidered as special cases (i) № = 0, (ii) № = 0 and (iii) k, = k = K with 
к= 0. 
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For the purpose of illustration, we shall indicate below how Q, can be 
obtained. 


к 


rx ra pt i m 


pue 


б аот 


— me) THQ) 


(825) 


From Eq. (8.23), it follows that 


(АЛ HEAD x 2) || А») 
hj 
K 0| Сл) TAD H a) Sja 
Àj 


ПЕ |; Pa 


hih GTD UA G2 TaD) |] 2) 


gang 3 43 
Ei Б 6d AQ FMT} Fa) GST Te(2) HIS. (8:26) 


From Eqs. (824) and (825), we deduce the result given in Eq. (7.36). 
Review Questions 


8.1 Define the Unitary transformation coefficient that occurs in the cou- 
pling of four angular momenta and express it in terms of C.G. coeffi- 
cients. 

8.2 Show that the LS-jj coupling coefficient that occurs in the addition of 
four angular momenta is independent of the magnetic quantum num- 
bers. 

8.3 Define the 9-j symbol and derive an expression for it in terms of Racah 
coefficients. 


Problems 


8.1 Evaluate the following matrix element: 


Ue Siping iG) X ^ |e} jem. 
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8.2 Denoting the angular momentum wave function of the deuteron by 
115.) m), show that 


(a) (211m|S12]011m) = V, 


(b) 211miS,4|211m)- -2, 


where S, is the tensor potential 


8.3 Show that 
Уи aeq (md x o 


учан ВРШЕ ET PON 
"eam ао 
x Want n’, AN) (Ya(À) (Ka x KS} 


Solutions to Selected Problems 

8.1 The matrix element can be evaluated directly by using Eq. (8.23). 
dlp Bay mg HO) x eX Hb ji m) 

i li 

= [ D MET, | 1 

mom mj y 


ЕХ 


ji 
à | (I YAEY II 
Ју 


with 
«aeuo = [а о €] qa 


(о = Ш = v3. 


8.2 Let us denote the matrix elements in (a) and (b) by О, and О. 


Qi = QI11m|532|011m). 
92 (211 |812 |2112). 


D] 
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Substituting explicitly the operator Sj, 


QU E (2110.001 x оз) 1011). 


This can be written as a product of two matrix elements using the 
relation. (7.36). 


Фр c үл vona 


xin lor x оз)2191= boss = 1) 


= y ella 


The matrix element (2||Y;||0)can be evaluated using the coupling 
scheme for spherical harmonics. 

ОО 

0 0 0] Viz| An 


The evaluation of the other matrix element involves the LS-jj coupling 
coefficient. 


Mit x eil i$. 0- 


einen» | 


{+#1[(о х оз) |15 


1 
2 
1 


м е 


The LS-jj coupling coefficient can be written in terms of the 9-j symbol. 


Pii "En 
112| = ШЕЕ? 112 
MET TETTE 
2 2 2 


= ViBx2x 4, 


substituting the value $for the 9-j symbol occurring in the above 
equation. Each matrix element of the Pauli spin operator yields a value 


@ ан) = Glleall = v3. 
Thus 


Gili x ex) 
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Substituting the values of the matrix elements obtained, we finally get 


= vB. 


The other matrix element Q, can be evaluated by a similar procedure. 


Qn Vamos (n хөг): 21 0m) 


247 


v (2121,12) (2 || Y; || 2) 


+019: х оз) 1521). 


The reduced matrix element. (2112 | 2)is given by 


nw 2 22] 20 
112) = E: 0 0 | Vari) 
5 
= TV iar 


The numerical value of the Racah coefficient W(2121, 12) is obtained 
from the tables. 


WQi21.12)- үрүт 


Substituting the numerical values, we finally obtain 
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PARTIAL WAVES AND THE GRADIENT FORMULA 


9.1. Partial Wave Expansion for a Plane Wave 


The plane wave є*Ё " can be expanded into partial waves and this expan- 
sion is familiarly known as Rayleigh's expansion. 


eiker ош qnod 


d 
Si Que 1) (er) Fi(cos 8) 
i-o 


CU 
an Yo Y. i aer vto УЧ), (9.1) 
i 


0 


n 


where j(Ar) is the spherical Bessel function (vide Appendix E). 
To obtain the relation (9.1), we shall seek the solution of the free particle 
wave equation 


(V? +k?) (т) = 0, (92) 
їп the Cartesian coordinate system as well as in the spherical coordinates. 
In the Cartesian coordinate system, the solution can be written as 


(т) = ек", (9.3) 


In the spherical polar coordinates, the wave equation can be separated 
by the usual technique and the solution with azimuthal symmetry can be 
written as a product of the radial function j(Ar) and the angular function 
P,(cos®). The general solution is a linear combination of j (kr) Pl(cos0). 
Thus 


Wl) = Уа (Ет) Р(сов6) (94) 
7 


Combining Eqs. (9.3) and (9.4), we obtain 


ет 2 Уа jer) Fi(cos 8), 0.5) 
7 
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where a, is a coefficient which has to be determined. For this, multiply both 
sides of Eq. (9.5) by Р, (соѕ0) and integrate over the polar angle. Denoting 
cos @ by x and using the orthogonality relation 


i 
ff Do) Pr(a)de = вш, (9.6) 


we obtain 
M : 
jr e** Pus) dr = z7 97) 


Integrating by parts, ће left hand side of Eq. (9.7) becomes 


; ikre p, 1 ikrr ate em " 
as Pila)de = z le Pu] hs 3 (в) dz. (9.8) 


The first term on the right hand side of Eq. (9.8) can be evaluated remem- 
bering that 


cibo 


2010) = 1, Р—1)=(—1)°, (9.9) 


Thus, 


kernel? - 


(9.10) 


The second term on the right hand side of Eq. (9.8) can be further inte- 
grated by parts but they yield contributions of order гапа as a 
consequence they are negligible as г — oo . Asymptotically, Eq. (9.7) reads 


ш Lr i L 
psin(kr~“F) — 2 sin(kr — 
2) e E Ure = (9.11) 
since 
sin (kr 
jr(kr) ^ ‹ (9.12) 


то 
as г — оо. From Eq. (9.11), we obtain 


ar = ( (2L + 1) (9.13) 
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Substituting the value of this coefficient in Eq. (9.5), we get the desired 
result. (9.1), 


9.2. Distorted Waves 


Now let us consider how a plane wave gets distorted by a spherically sym- 
metric potential. 

The Schrödinger equation for the scattering of a particle of mass m by 
a spherically symmetric potential V(r) is given by 


2 
[- Fy ve] lr) = 


ex kin), (9.14) 


or, equivalently 


[V +4] Wr) = (9.15) 
where 
E Se 
Kx; Urs 9.16 
5? (v) (9.16) 
In the absence of potential (Le. V(r) = 0 for all values of 7), the 
Schródinger equation (9.15) reduces to 
[V^ +] (т) 2 0, (9.17) 
the solution of which is a plane wave 
wr) shor (9.18) 


Denoting the direction of the incident particle to be along the z-axis and 
expanding the plane wave in terms of angular momentum eigenfunctions 
(the Rayleigh expansion), we obtain 


cosh „йг — Mou 1)! (вт) Ecos), (9.19) 


where ji(kr) is the spherical Bessel function and P,(cos®) is the Legendre 
polynomial. Equation (9.19) is known as the partial wave expansion of the 
plane wave. 

A similar partial wave expansion is possible for the solution of the 
Schródinger equation (9.15) with the potential. Introducing the spherical 
coordinates into Eq. (9.15) and separating the variables, it can be seen that 
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the eigenfunction 13(r)is a linear combination of the products of radial and 
angular momentum eigenfunctions. 


Or) = Shar kr) б), 
7 


Yo d Rr) Р(совй), (9.20) 
T 


where œ, and В, are the coefficients in the expansion. Comparing (9.20) 
with Eq. (9.19), we find that the coefficient 


= (20 1)i!, (9.21) 


since the radial function Ri(r) should tend to j(Ar) in the limit of zero 
potential. In Eq. (9.20), the z-component of angular momentum is taken to 
be zero because the incident wave is assumed to be along the z-direction and 
the spherically symmetric potential will not disturb the angular momentum. 
The radial function R,(r) is the solution of the radial equation, 


LE (е0) Fi (e -U(r)- 0) Кт) = 0 (9.22) 


pde dr z 


If the potential V(r) is zero everywhere, then the radial equation reduces 


to 
44 ( e) 4 (e шыл) 2) Rir) = (9.23) 
А dr т? 
whose solution corresponds to the spherical Bessel function, 
Ri(r) = jkr), (Potential V(r) = 0 everywhere) © (924) 


which is regular at the origin. 

Thus we see that the effect of the spherically symmetric potential is 
only the modification of the radial function. If the potential is not spheri- 
cally symmetric, it is not possible to separate the equation in the spherical 
coordinates. 


9.3. The Gradient Formula 


There are many physical situations in which one needs the effect of the 
gradient operator Y operating on a system described by #(7)¥}“(#) where 
@{r) is a radial function and Y;V(s), the spherical harmonic denoting the 
angular momentum eigenfunction. The multipole fields and the transitions 
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induced by the momentum operator are specific instances which require the 
use of the gradient formula. So, in this section, we shall derive the following 
well known gradient formula: 


УФФ) = агт 0-00) н) 
om Р.т) YMA), 925) 
where 
bem Zur (9.26) 


dr ГЫ 


and Yj/(?)is the vector spherical harmonic (Blatt and Weisskopf, 1952; 
Rose, 1957) defined by 


ҮН?) = 3 | п, Ag M | үрү?) et. (9.27) 


In some cases, one may require the result of operation of one of the spherical 
components V¥ of the gradient operator and we give below this particular 
case also. 


L+i Poe dupl M+, 
VEDLE) = A „м t] EEG 
L L 1 1-1 


2L— 


ME spreto d(r). (9.28) 


Equation (9.28) can be thrown into a more general and symmetric form 
(Devanathan and Girija, 1985) by defining an unit operator V2 and allowing 
the quantum number п to take either the value 0 or 1. 


Sarpy Mie) < Ш[ дп t4 ditas Mu, 
vieni) = У іма м+и [100 i ЖКУ) 
x {би (Ю-Ф(т)) + бь-4(Ю+&(т)) + би д(т)}, 
(9.29) 
with the notation [L] = (2L + 1)3. For п = 1, 1 can take only two values 
1 = L* 1 and / = L- 1 because of the parity C.G. Coefficient. Substituting 


"For several applications of the gradient formula in Nuclear Physics, the reader may 
refer to Eisenberg ar (1976). 
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the algebraic value (Eq. (9.49) of the parity C.G. Coefficient in Eq. (9.29), 
we retrieve Eq. (9.28). On the other hand, for n = 0,1 = L and consequently 
Eq. (9.29) reduces to 


VE (Фуу (е) = or) YM (A). (9.30) 


9.4. Derivation of the Gradient Formula 


To derive the gradient formula (9.25), we require a convenient form for V. 
The direct representation of V in spherical basis, 


ДО ТЫ; 
дт r8  rsin&Od" 


is not very convenient but the expansion of the triple vector product, 


У = ё, (9.31) 
a x (bx c) = b(a- c) - c(a Б), (9.32) 
suggests a more convenient form 


у = HPV)? x (x V) 


еа, (933) 


where # = ê, is the unit radius vector and L, the orbital angular mo- 
mentum operator. On operation of V on the wave function, we obtain a 
decomposition into two parts, one radial and the other tangential. 


УФ) (ғ) = A+B, (9.34) 
with 
= умр) 
Asty (е), (9.35) 
and 


ac x LYM E (9.36) 


The evaluation of the radial part (A) is simple whereas the evaluation of 
the tangential part (В ) is a bit complicated. 

To evaluate A, we need to express? in terms of the spherical harmonic 
of order 1, 


зү Cove. (9.37) 
m 
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and then use the coupling rule for spherical harmonics to obtain 


_ dé Гат КАК WES Hon al se 
ai= түз LO M ит]||о оо 
" 
х ШШ 
мат[ 
The notation [J] = VJ Tis used in the above equation. Using the defi- 


nition of vector spherical harmonics (Eq. (9.27), we obtain after simplifi- 
cation 


Yr (9)€ (9.38) 


аф оа 
А alr bat К). (9.39) 


To evaluate B, we need to express the vector product #x L in terms of 
the spherical tensor T, of rank 1 obtained by taking the tensor product of 
rand L 

It is to be emphasized here that the vector obtained by taking the cross 
product of any two vectors differs by a factor from the spherical tensor of 
rank 1 constructed by taking the tensor product of these two vectors as 
shown in Eq. (3.21). 


L=~iv2T, (9.40) 
where 


Ep Te (9.41) 


with 


far |. 
n = yF OG» by 
үк, 1 ipee (9.42) 
rs 


v 
The operation of Lion Y} (è) yields 


YM) = VIL) ae А: (9.43) 


v 
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Next we couple the two spherical harmonics Y *"(;) and Y/'(7) to obtain 


SW а ар X ox L 
-vamp ]i lis wie 


Мы 
ПЕТ ЈАС 
*| м+и p m||000 


The summation over the projections ц and A can now be performed in 


m (944) 


succession. 


m ау te AT gk hat. a 
Na n mjlM v м+и {рол 


] о 
= ua. w] ? Ik 


(9.45) 


= (22м): (9.46) 


jp si aS 
Е A on ia 


Note that 1 + 1 - L should be even due to the parity C.G. Coefficient 
occurring in Eq. (9.44). Expressing the U coefficient in terms of the Racah 
coefficient, we obtain 


B- -V2EEX UU DE rens 3 | 


4a). 
(9.47) 
In the summation over / that occurs in Eqs. (9.39) and (9.47), | can 
take only two values |Z — 1| and L + 1 due to the occurrence of the parity 


C.G. coefficient. Algebraic expressions are available for both the Racah 
coefficients and the parity C.G.coefficients and they are given below. 


Г nA i g 
winLil) = [coitu] 1 
ET 
= mtu BS) 
А 
ЖЫ L+1\? v 
[г al = Cate Бы 


Н 
- (zi) ‘ {= Б-1. (949) 


108 CHAPTER 9 


Using these algebraic expressions in Eqs. (9.39) and (9.47), we obtain 
finally 


dé OU NDS } 
(з=) ҮЙ - ) Yt). (9.50) 
and 
5 NS " b+1\t 7 
к ovium (224) Las) (9.51) 


Adding A and B, we get the gradient formula given by Eq. (9.25) 

Equation (9.29) can be obtained from Eq. (9.25) by taking the dot 
product of both sides of Eq. (9.25) with the unit spherical vector ё. We 
have 


Угу, (9.52) 
and 
| At te) СА у 
p er e E +u -u M |" "o 


iL oi i 


= мыс 
бт lar а ОЕ giz): 03» 


Using equations (9.52) and (9.53), we get ће relation (9.28). 


9.5. Matrix Elements Involving the V Operator 


In this section, let us evaluate the following two single particle matrix ele- 
ments which involve the gradient operator. 


Qi = GQugug) mr | FOYE) x VR? аът), lm) (9.54) 
Qo = (Quy n) Ui; Mp | FOYE) x V) x ON YR" lna (Th ЕМ). 
(9.55) 


The matrix element (9.54) denotes the transition of a particle from the 
initial state [tn (7), l;m;] to the final state |u,,1,(7),1;m;]. The func- 
tions uj (r] and uw; (r. are the radial functions and the angular func- 
tions Lm; and [jm are the spherical harmonics Yj"($) and Үр (Ф) 
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To evaluate the matrix element (9.54), first we have to expand the tensor 
product (Y) x V)% and then apply the gradient formula (9.28). 


TEM 
mcos m] 


mop 


X (шара (п) Um; | Fr) Y"G)VIE | unin (п) dimi). (9.56) 


Veen (YR) = f ИШИП E І А итер ыо) 


VIFS |m; p mity 
hod G-L] ymin 5 
-ү [4 in tte DIC 


In Eq. (9.56), the summation can he made either over m or over jt. Substi- 
tuting (9.57) into (9.56), we have 


Ton А 
а к 


тог 


ft Tf 1 kt. SUA 
{үш sls 7 И (уту YP) |l Lm А) 


frog eder ies 
Een 1 (ету УФ) |l — Ly mit u) F 


mi p mi Е 
(9.58) 
where 
к= [zone (v) ftr) Dhl tna Cr) dr (9.59) 
and 
& = [чи fer Data torte (9.60) 
with the notation 
(9.61) 


and 


(9.62) 
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By the Wigner-Eckart theorem, 


Cem Y" @ +1, mg) = 


hl od od ] 


qula m my 
XUN MG) +1). 9.63) 


and 


ee е be 
qmm) = [sz] 
ХУ —1). 64) 
Substituting (9.63) and (9.64) into Eq. (9.58)) we find that each term in 
(9.58) consists of three C.G. coefficients and the summation over р can be 
performed as indicated below. Considering only the factors that depend on 
the projection quantum numbers, we obtain 


ы ПЕТРУ Ра ЕК; 
m; p mitu]tmitg m ту | (т u ту 


n 
оеша e 1 (9.65) 
Similarly, 
lle 1 ellos 1 A Pra К) 
а ината таратор 
= пато [А Е? elle (9.66) 


Equations (9.65) and (9.66) are obtained by using the symmetry relation 
(2.23) for C.G. coefficient and the relation (7.12). Using Eqs. (9.65) and 
(9.66) we obtain 


Ф = em ЯК е0 


ты ma ту 


x UUM ph LA) F 


me 
0n - 


я 
{) tamen paar). (9.67) 
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In the matrix element (9.54), we recognize that the transition operator is 
a tensor of rank A and projection т, and as a consequence, the Wigner- 
Eckart theorem can be directly applied to obtain 


= Ж зу 
OS | mi my ту | 
x (ungi Dy FONE) X V) г). 09.68) 
Comparing Eqs. (9.67) and (9.68), we get the relation. 
Fungi (n) 5 || FOU) x У)х Duns Cn) a) 


= (рн | (ш +5) P MYE + DUGA, + LP. 


байк — UGHA, - LB }. (9.69) 


where 
eeu fata tty 
Фи) || + 1) = Vi lo оар (9.70) 
and 
: -Ufku d y 
GIG - D = сын neu (9.71) 


Substituting Eqs. (9.70) and (9.71) into Eq. (9.69) and expressing the 
U-coefficients in terms of the Racah coefficients, we finally obtain 


ЖОК eSI sci 
(s rl LOIR) X Di Far) = (APART 


«[ (LE DG 3) | U Й 1 | W(Mgl li + DLE 
-VRO - 1) É a НЧЕ у, a-r. (9.72) 


The matrix element О, can be evaluated by recognizing the transition 
operator to be a tensor of rank А and projection т, . The initial and final 
single particle states are the spin-orbit coupled wave functions. The radial 
part of the wave function is assumed to depend only on / and not on j as 
in the case of the oscillator potential. Even if it depends on / as in the case 
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of Wood-Saxon spin-orbit coupled potential, there is very little change in 
the procedure. Further N can assume only the value 0 or 1. If N = 0, then 
б is the unit operator which is a zero rank tensor. If N = 1, then с, is the 
Pauli spin operator which is a tensor of rank 1. 

Applying the Wigner-Eckaat theorem, we get 


Qa= he my М; | 
x(us ат || (т) QV axon }a || usai() 15) 
(9.73) 
The reduced matrix element occurring in Eq. (9.73) can be separated out 


into the orbital and spin parts by introducing the LS-jj coupling coefficient 
discussed in chapter 8. Thus, 


Quir) eddy || FO) {MAY Jaxon Ja | toe?) S34) 
l; ] 


(uni (Mody || Fr) CR) V] Isai (т), А) 


(9.74) 
The reduced matrix element 
Qs PVE FO DR) DE suas on) bs) 
is given by expression (9.72) whereas 
Glew |15) = EN]. (9.75) 


It will be useful to write a computer program to evaluate the reduced matrix 
element 


(usi) Hbi LAG QR) axon ра Пааа (т) hs 


using Eq. (9.74) 
Review Questions 


9.1 Expand the plane wave «їЁ © 7 into partial waves and deduce Rayleigh's 
formula. 

9.2 Evaluate (# x LYYM() 

9.3 State and prove the gradient formula. 
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9.4 Evaluate the following matrix elements using the gradient formula: 


(а) (ts ип Ст) Eng | FO (YI G) x V)g | чу, (т), fma 


(b) баии) Up gap Му | FOr) (GI) x V) Xo} | una (7) М). 


Problems 


9.1 Expand e^? into partial waves and evaluate the integral 


{ce "t dos. 


Verify your result by direct integration. 
9.2 Evaluate the integral f e47 dN, where q = ky - Ё› and hence show 
that 


доа) = У (21+ 1) Pha - ka) т) (Бат). (9.76) 


9.3 Using the Rayleigh expansion for the plane wave 


eT Sas Gy (er) wm (Yn), 


гт 


evaluate the integral / involving the momentum operator Р„ by ap- 
plying the gradient formula. 


е Te 'тай,. 
The following relations will be useful. 


Dajilkr) = Kjo(kr). (9.77) 


k = FD- -IF YA є (9.78) 


Verify your result by direct evaluation. 
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9.4 Evaluate the integral 
fe TYM) dAn, 


where ф = k, - k, and obtain the following expression for the spherical 
Bessel functions j,(gr) in terms of jy (kr) and jo (kr). 


dean v) = myer Pli 


[Л 
ih aes А 

x | B am КОЛО 
pre кк CIT ME 

x oio x Y.) : (9.79) 

9.5 Using the Rayleigh expansion for the plane wave etœ " and the gra- 
dient formula, show that 


IL 


The following useful relations are given?: 


na aq рт Ln 
[Е 4 al Z = В (9.80) 
-yait fiL- 
D.j(kr) = —hjuys(kr). (9.81) 
Déj(kr) = Бак) (9.82) 


ат M 
к= Hy CO Ws. (9.83) 


Solutions to Selected Problems 


$1 


УС Еу" doy). 


Ттт 


Since 
КОЗ = Van боба, 


`The relations (9.81) and (9.82) can be deduced from Eq. (E.10). 
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and 


wk = Я 
atc 
we obtain 
iker - » 
с dQ, = 4x jo( kr). 


The same result can be obtained by direct evaluation as follows: 


Јесте, = » f ей 9980 sin ВАВ 
o 


+1 
= ж/ oen 


sinkr 
ERES 
= Anjo(kr). 

9.2 From the previous problem 9.1, we have 


fe T dQ, = An jo(qr)- 


To obtain the required relation, we need to use the partial wave ex- 
pansions for exp(i k, • r) and exp(-i ky • r) separately and integrate. 


dkr citer dg, = (any PO Ohj sns or) 


Am 
xv doni freno a. 
Using the orthonormality of the spherical harmonics 
| VEEP (Pd = б, би, 


and the spherical harmonic addition theorem 


3XUGOY 


ae aie lls 
EE 


we obtain the required result, 


jolar) = У 021+ 1) (s Б) jr) ian). 
7 
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9.3 The momentum operator Р„ can be written as 


у= 


Pop = ae D vig. (9.84) 


Using the Rayleigh expansion for the plane wave and the above expan- 
sion for the momentum operator, we obtain 


I-4x Y (Y Yi" (E) -1) 6," [vx kr) Yp (P) dQ, (9.85) 


mun 


Thus the problem reduces to the evaluation of the following integral 
by the application of the gradient formula. 


j хет) (5) 40, 
ES ATIUM 
ass s AM, wem faim. 
pror [peat mts 
^ YV2i-1 [ m p mp | їз] ferum. 


The first term on the R.H.S. vanishes because | cannot take negative 
values. The integral in the second term is given by 


[eir am imis. 
Hence, 
Е de, 


al! 


edt [Da jr) ба бы — 


mpd 


Gury Е & (9.86) 


The last step is obtained by substituting the value of the C.G. coeffi- 
cient and using the relation D., (kr) = ko(kr). 

Substituting (9.86) into (9.85) and recalling that the momentum vector 
k can be written as (following Eq. (9.78). 


4 ВЕ 
ЭЭ PY? de". 
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we finally obtain 
1 = 4r k folkr). (9.87) 


The result (9.87) can also be obtained by direct evaluation as shown. 
below: 


БИКЛЕ ЕЕ, 


Now the integral / becomes 
Jr SEE аф 


E 
/ ктт da 
“1 


sinkr 
T 


drk 


= Ark jo(kr) 


П 


9.5 Using ће Rayleigh expansion for the plane wave and the expansion 
(9.84) for the momentum operator, we obtain 


Pop RT = ci (LOWE T Pr) (RF) 


= 4r PO (D-re Y (k) V" (Ат YF). (9.88) 
[кА 
Using the gradient formula, we get 

TE rn 
mg mpi 
53 ут+иү», 
- dala ee preme 


[Hl [ СИ IE 
п 


TP GYD- iiem 


T+1 
1+3 


1 l 


V jen) = y 


2 үгез | m+u -u т] M 

x (71) УА Ф) (k jua (Er) 
f-1 1 [:]ü-12 
mcg -p т i 


HHC) (I ji (er) 


^ 
Ж МИ HEU es 
SA5 i E EE, 0 a 


mtas ay E 
x ҮРҮ) 


(71 filer) {őri — бра-1). (9.89) 
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In the last step, we have made use of the relations (9.80) - (9.82). 
Substituting (9.89) into (9.88) replacing т+цн by т, and rearranging, 


we obtain 
Pope T = Ат > Zorr "(Ry - 1 ёте jo (Rr) 
mm 
ЖАТ 
к -m, DRM IE | 
x E 77 (Re) (бы+ + б-а j (9.90) 


Because of the parity C.G. coefficient, the only two possible values of / 
are L- 1 and L + 1 and hence the 6 functions within the curly brackets 
are redundant. Summing over /, we obtain 


SEXES 


T 


mi (hyY Pih). (9.91) 


Substituting (9.91) into (9.90), we get 


Pop c^ бе үт D'Y b) 


x 44x Y j Gr) YT RYE (Б-у р. (9.92) 
Lm 

The first curly bracket in (9.92) denotes the vector К and the second 

curly bracket is the Rayleigh expansion for the plane wave e* * 7. Thus 

we retrieve the familiar result 


раев т вов", 
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IDENTICAL PARTICLES 


10.1. Fermions and Bosons 


Particles can be broadly classified into two categories, fermions and bosons. 
Fermions are particles with halfintegral spin quantum numbers and the 
wave function of a system of identical fermions is antisymmetric with re- 
spect to exchange of any two particles. Bosons are particles with integral 
spin quantum numbers and the wave function of a system of identical bosons 
are symmetric with respect to exchange of any two of them. Below we 
shall consider how to construct the wave function of a system of fermions 
or bosons with appropriate symmetry in the angular momentum coupling 
scheme (Rose, 1957a; Racah, 1943). 


10.2. Two Identical Fermions in j-j Coupling 


Consider two fermions in equivalent orbits denoted by the quantum num- 
ber j. Since their j-values are the same, their magnetic quantum numbers 
should be different according to the Pauli exclusion principle. The coupled 
wave function of two identical fermions in equivalent orbits can be written 
as 


м2 E| ia jenes — aeo 


Defining P,, as the permutation operator which exchanges the particle 
indices | and 2, we have 


ұлм(2,1) = Py éuw(1,2) 


j PR 
= [і б keen 


= о 0 iones] 
(10.2) 
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Equation (10.2) is obtained using the symmetry property of C.G. coeffi- 
cients. The quantity within the curly bracket is identically equal to. (2,2) 
given in Eq. (10.1) since m is only a dummy summation index. Thus 


waa (2,1) = (20977 by (1,2). (10.3) 


Since 2j is odd, J should be even to assure the antisymmetry of the wave 
function with respect to exchange of particles. Hence in the angular mo- 
mentum coupling scheme, the antisymmetry of the wave function of two 
fermions in equivalent orbits is automatically taken into account if the to- 
tal angular momentum J is restricted to even integers. 


10.3. Construction of Three-Fermion Wave Function 


Now let us try to extend the foregoing discussion to the construction of 
three-particle wave function with proper symmetry. This can be done by 
first coupling the angular momenta of particles 1 and 2 and then adding the 
resultant angular momentum } so obtained to the angular momentum of 
the third particle. 


ng? r xs ЖЕДЕ: ла 
SU) 4M) = У) | а A dos £d 


min 


X Gio (1) на (2) Djma (3)- (10.4) 


The wave function 300320713) ji JM) will be antisymmetric with respect to 
exchange of particles | and 2 ifj; is even. In general, more than one 
value of j: is possible and the permitted even integer values of j can be 
obtained from the following two conditions. 


0<л72<2/-1. 
{= нт Е ЗР (10.5) 


So. a proper three-particle wave function will he a linear sum of wave func- 
tions (j*(jiz) 337M) with different jj values. In addition, it is to be en- 
sured that the wave function so constructed is antisymmetric with respect 
to exchange of particles 2 and 3. If this is done, then the wave function will 
be automatically antisymmetric with respect to exchange of particles 1 and 
3 since the permutation operator P; can be expressed in terms of P; and 
Ps 


Ра = Po Ра Pro (10.6) 
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Let wyny be the properly normalized three-particle wave function which 
is antisymmetric with respect to exchange of any two particles. Then, 


ES 


du 


"a PIU j IM), (10.7) 


where the coefficients F,» are known as the coefficients of fractional parent- 
age (c.fp) with normalization condition 


Mur (10.8) 
20 


We adopt the convention that all the fractional parentage coefficients are 
real. The customary notation for the three-particle c.fp. denoted by Р 
defined in equation (10.7) is 


Кыз = (һа) Л 2). (10.9) 


We require that уйуму should be antisymmetric with respect to exchange 
of any two particles. Then 


vum(1,2,3) = —фым(2.1,3) = V (2,3. 0. (10.10) 


We follow the construction scheme already outlined to obtain the above 
wave functions. 


Фум(1,2,3) = Bo Fi FIG) AIM) 


E" 
is p jo jj 2 Dep sith 
= Уљ M [ m m alles тз | 

Ae omm 

X Øj ma (1) im 2) фут» (3). (10.11) 


Vju(2,3,1) = V Fas 9G 003) j : J M) 
ES 
= ; Jis D ET. jo je 
5 TI и m elle из in| 
Wi du 
x фуд (1) 654,2) 05, (3). (10.12) 


Using the symmetry properties of C.G. coefficients, we can change the order 
of coupling } and j to obtain 
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эл: Ё 
He or [eee | 


te An 
КА И , 7 
x[Z 2 олоод) 
= УЕ. (1) (узу JM). (1013) 
E 


Note that j» is even since the wave function y/(j2(j4,)j; JM) is constructed 
so as to be antisymmetric with respect to exchange of particles 2 and 3. 
Hence 


#лмы@2.3,1) = У Fas (71) T 6 (оз) JM). (10.14) 


ET 


According to Eqs. (10.10) (10.11a) and (10.14), 


У, Vha) АМ) = Y, Fs (LP? 6G Pa TM). (10.15) 


m 


Taking the scalar product with (2075) j; JM Jon both sides, we obtain 


En = M FA CYT GU'GG) М) Us) LM) 


1 
E 


= YBa (DTUG айз) (10.16) 


das 


The above result is obtained simply because the two coupled wave functions 
205) 43 JM) and $( j? (43); JM) are obtained following the two differ- 
eni coupling schemes outlined in Chapter 7 and hence the scalar product of 
these two wave functions is just the recoupling coefficient U(7 j J j, з Jos) 
Replacing j/, by j» Eq. (10.16) can be written as 


у Fis (OY UG J hadas) базе} = (10.17) 
D 
Using the notation 
Азада = (C17 UG I jo fia fos) (10.18) 
we can rewrite Eq. (10.17) as 
УЕ (Араз 7 блаа) = 0 (10.19) 


E 
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Equation (10.19) can be solved to obtain the solution for F, only if 


det (A баз) = 0. (10.20) 


jasjes 


The condition (10.20) gives the permissible values of J for which the three 
particle wave function will have the required antisymmetric property under 
exchange of particles. Once the permitted J values are determined, the 
fractional parentage coefficients are calculated using Eq. (10.19). 

The fractional parentage coefficients can also be calculated following an 
alternative procedure outlined below. 

Starting from Eq. (10.7), it is possible to rewrite the wave function 
GIG): JM Jin terms of $(7?(ja3); JM) using the recoupling coefficient 


U( JE didis) 


Му= Y UG з) OG j Gz) JM). (10.21) 


das 


eU Js 


The function ¥(j 2023); JM) will be antisymmetric with respect to ex- 
change of particles 2 and 3 only ifj» is even. Using Eq. (10.21) in Eq. (10.7), 
we get 


gu = SS FL DUGI J jiii) t i a)i JM). (1022) 
vu 


The antisymmetric three fermion wave function Фу exists only if both jj; 
and js, are even integers. If jx is odd, then the coefficient of 9(;7?(jo3); JM) 
should vanish. 


So Em UGS IG ste dea) = 


Аз 


(js odd integer). (10.23) 


Equation (10.23) along with Eq. (10.8) can also be used to determine F; 


10.4. Calculation of Fractional Parentage Coefficients 


We shall calculate, for the sake of illustration, the fractional parentage 
coefficients for a simple configuration (j)* of equivalent particles. In a given 
state j, the maximum number of particles that сап be accommodated is 
2j + 1. The lowest value of j which allows the configuration (j) is j = 
Below we compute the fractional parentage coefficients for the three-particle 
configuration with j = 2 

The allowed values ofj and jə, are 0 and 2. Among the various possible 


values of J, only J = 3 satisfies the condition (10.20). This can be easily 


124 CHAPTER 10 


checked with the following values of the Racah coefficients. 


y, 2 Ж 
= Wifhon- (Е 20) = -i 
* z 
Ww(2223,22) = E (10.24) 


With the help of these coefficients, the quantities А; are evaluated. 


1 v5 3 
Ag е Аз= Aso =—2, App = =. 10.25 
оо р 402 = Ato 4 з= т ( ) 
They satisfy the determinantal equation (10.20). 

Аю-1 A 
VET. casei 


0. (10.26) 


The с.Ёр. can be calculated from the matrix equation 


leo ЖЕ 
and the normalization condition 
Fe+FR=1. (10.28) 
The corresponding values of F, and F; are 
R= R=- 5. (10.29) 


The same result can be obtained in an alternative way by using Eq. (10.23) 


For J = 3 and ja = 1, we have 


01)+ F,U(2283,21)- 0. (10.30) 


ғ. 


For J = 3 and } = 3, the corresponding equation is 


(10.31) 


The values of the corresponding Racah coefficients are found from the ta- 
bles. 


(10.32) 


зра 
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Using these values, Eqs. (10.30) and (10.31) become 


= ty (10.33) 
^ 
——Е += = 10.34) 
0) (10.34) 
Both these equations yield the relation 
Fi = уб. (10.35) 


This relation along with the normalization condition (10.28) yields the same 
value (10.29) obtained earlier. 

For values of J other than 2, j = 0 will not be permitted and hence 
there exists only one term in the summation of Eq. (10.23) 


FK U($8J$,21) = 0. 


If the U-coefficient vanishes, then the equation becomes trivial On the 
other hand, if the U-coefficient is non-vanishing, then we get a trivial result 
that the c.£p. is zero. 


10.5. The Iso-Spin 


Instead of considering separately the protons and neutrons, we can con- 
sider the nucleons as identical particles if we include the iso-spin quantum 
numbers in the description of their states. The proton and the neutron are 
considered as the two states of one and the same particle called nucleon with 
iso-spin quantum number j,the proton having the projection +4 and the 
neutron having the projection — 2. (Some authors use the opposite conven- 
tion +4 for neutrons and — for protons) The iso-spins are compounded 
in the same way as angular momenta but it is to be remembered that the 
iso-spin space is an hypothetical space, different from the space in which 
the angular momenta are coupled. Using the j - j coupling scheme, the 
two-nucleon wave function in the coupled representation can be written as 


7 E ОЖ ЕЛЕ Tes e ee 
Vn: = У E M-m || wow он 


тыз 
„@)Фум-тда-и\?) (1090) 
where t is the total iso-spin quantum number and н the iso-spin projection. 
Operating P, on the wave function, we get 
Pujuwau(52) = ум щ2,1) 
(71) SV 


X Фм 


Myru(l,2). 010.37) 
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Since 2 is odd, we get the condition that the two-nucleon wave function is 
antisymmetric if J + t is an odd integer. 


10.6. The Bosons 


Bosons are particles with integral spins and their total wave function is 
symmetric with respect to exchange of particles. The analysis made in 
section (10.2) can be repeated with small modifications. The two-boson 
spin wave function can be written as 


vut X: as ud ems) (1038) 


Here j is an integer. Allowing the exchange operator P,; to operate on 
Vau (1.2). we get 


Р фум(1,2) = Фәм(2,1) 
= (-1)#77Фум(1,2). (10.39) 


For bosons, 2j is an even integer. Since the bosons are symmetric under 
exchange, J should be even if their spatial wave function is symmetric, and 
odd, if their spatial wave function is antisymmetric. Since the spatial wave 
function of the two particles depend upon their relative orbital angular 
momentum L, it follows that L + J should be even for two bosons. Thus 
in the case of deuterons with spin 1, we have two possibilities: (i) J = 0 
or 2 and L is even (ortho-deuterium molecule) (ii) J = 1 and L is odd 
(para-deuterium | molecule). 


10.7. The m-scheme 


Here we follow a simple scheme by which the total angular momentum 
of a system of particles can be determined by enumerating the possible 
m-states. In section (10.3), we have seen that only certain values are per- 
mitted for the total angular momentum if a certain symmetry is assumed 
under exchange of particles. The permitted angular momentum of a sys- 
tem of particles can be obtained by enumerating first the m-states in the 
uncoupled representation and obtaining thereby the m-states in the cou- 
pled representation. It is to be emphasized that the total number of states 
should remain unaltered when we go from one representation to another. 

Let us consider two fermions in equivalent states with j = 3, Since 
their j— valuesare the same, they should differ at least in their m-values. 
In Table 10.1, the possible m-states are enumerated. 
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TABLE 10.1. Allowed magnetic quantum numbers for a system of two 
fermions in cquivalent state у 


m ma m= mi + ma 
+3/2 +102 +2 
-1/2 +1 
3/2 0 
41/2 -1/2 9 
-a -1 
E -3/2 E 


TABLE 10.2. Allowed magnetic quantum numbers for a system of three fermions 
in j = $ state 


m ma ms m= т + ma + тз 
+32 +12 -1/2 +3/2 
-3/2 +12 
E -3/2 E 
+12 E -3/2 ЕА 


The total number of states is six, of which J = 2 will account for 5 
states and the remaining one state will correspond to J = 0. Thus we find 
that the permitted values of the total angular momentum of two fermions 
in j = 2 state are 2 and 0. This result is the same as was obtained earlier 
but here it is obtained by simple enumeration. 

This method can be extended to find the total angular momentum of 
three or more fermions. Now let us illustrate the method for the case of 
three fermions in j = 3 state and present the results in Table 10.2. Thus 
we find that the total angular momentum J = 3will account for all the 
four possible m-statesin the last column. 

This method is equally applicable to bosons. Let us consider in Ta- 
ble 10.3 three bosons, each with angular momentum j = 1. All the three 
single particle states can have the same m value unlike the case of fermions. 
There are in total 10 states, of which seven of them belong to J = 3 and 
the remaining three belong to J Thus the permitted values of the 
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‘TABLE 10.3. Allowed magnetic quantum numbers for a system of three bosons 
in j= 1 state 


m m ma тз + лао dta 


+1 41 +1 +3 
° + 

-1 +1 

в ° +1 

-1 0 

- E ES 

0 0 D ° 
zi -1 

-1 -1 -2 

-1 ESI -1 -3 


total angular momentum of a system of three bosons each of j = 1, are 
J=3 and 1. 

Thus the m-scheme is applicable to bosons as well as fermions and is 
useful to obtain the permitted values of total angular momentum by simple 
enumeration of the m-states. 


Review Questions 


10.1 Three fermions are in equivalent orbitals, defined by the quantum 
number j. Construct their antisymmetric wave functions and find the 
permitted J values. 

10.2 What is meant by coefficient of fractional parentage (cfp). Find the 
cfp values for three particles in equivalent orbitals j = 3 

10.3 How do you explain the existence of two types of deuterium molecule 
on the basis of the symmetry of the wave functions? 

10.4 Using the m —scheme.find the permitted values of the total angular 
momentum for three identical fermions in the equivalent orbital state 
Р 

10.8 Find the permitted values of total angular momentum for three iden- 
tical bosons with j = 1, using the m-scheme. 


Problems 


10.1 Two identical fermions are in j = 8 state. Using the m – scheme, 
show that the permitted values of the total angular momentum of 
two-fermion system are J = 0,2,4. 
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10.2 Three identical fermions are in j = state. Using the т — scheme, 
find the permitted values for the total angular momentum of the three- 
fermion system. 

10.3 Using the m—scheme, find the permitted values of angular momenta 
for (a) 2-phonon system and (b) 3-phonon system, if each phonon 
carries an angular momentum of j = 2. 


Solutions to Selected Problems 


10.2 A table similar to Table 10.2 can be constructed for three identical 
fermions in j = $ orbitals. From the table, it can be inferred that 
the permitted values of total angular momentum for the three fermion 
system are 2, $, 2 

10.3 Constructing tables similar to Table 10.3, we can obtain the permitted 
values J of angular momenta. For two-phonon state, we obtain J — 


4,2,0 and for three-phonon state, J = 6,4,3,2,0. 


CHAPTER 11 


DENSITY MATRIX AND STATISTICAL TENSORS 


11.1. Concept of the Density Matrix 


The concept of density matrix is introduced in the study of the behaviour 
of a system consisting of an aggregate of particles. When we are consider- 
ing the emission of light by atoms or the emission of y-rays by nuclei, we 
are not experimentally investigating the emission by a single particle but 
by a group of particles, Similarly, when we are investigating the scattering 
process, we are considering the scattering of a beam of particles on a target 
having many scattering centres. Thus we are lead inevitably to deal with 
aggregates of particles and statistical distribution of those particles in dif- 
ferent states. Although the concept of density matrix is broad-based, we are 
more interested in its application to the study of the statistical distribution 
of particles with spin j into the various magnetic substates denoted by the 
quantum number m (m = = -j+ 1... +j) 

The discussion that follows is equally applicable to the consideration of a 
single particle with probability distribution of its occupation in a complete 
set of orthonormal states or to an aggregate of particles with a statistical 
distribution in various states. 

An arbitrary wave function Ҹ can be expanded in terms of a complete 
set of orthonormal eigenfunctions +, 


у= Y ath. (1.1) 
Then 


WP = S аана} m ушаб]. (11.2) 
i J 


From the expansion coefficients, we can form a matrix p known as the 
density matrix. 


ру = аа. (113) 


130 
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The properties of the density matrix can be deduced. It is a Hermitian 
matrix and, when diagonalized, the diagonal elements p. gives the proba- 
bility of finding the system in the eigenstate yj, If the wave function Ҹ is 
normalized, then 


|| wwdr = Sata; J Utd; dr 


ы 


QURE (11.4) 


We have obtained the result that 


Trp =1. (11.5) 


Since the trace of a matrix is invariant under unitary transformation, the 
density matrix is amenable to easy physical interpretation when thrown 
into a diagonal form by unitary transformation. The diagonal elements 
correspond to the statistical weights or probability of finding the system 
Ч/ in the various substates v; and the total probability (the trace of the 
density matrix) adds up to one. 

If we make a measurement of some dynamical variable F of the system 
described by the wave function Y, then the expectation value is given by 


uz [eom 
Xs J EP dr 
= Y ni Y (Foha 


(p F). (11.6) 


= (Ер) = 


The concept of density matrix will become clearer when we consider its 


application to a beam of particles with spin 1. The wave function Ҹ in this 


case will consist only of two terms 
Y= ап tardy, (11.7) 


where фу and i describe the two states of polarization +4 and —}, 


a-f]: »-[1]. (118) 
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Thus the wave function of the beam is 


s-[2]. (119) 
The density matrix 
pavuts [28 e (11.10) 
аза] аза} 


completely characterizes the beam since the diagonal elements denote the 
intensities of the polarization states whereas the off-diagonal elements fur- 
nish the relative phase. 

The expectation values of the unit matrix and the Pauli matrices are 


== ы [| 


= aaj} +4245; (11.11) 
Pa = (б) = [а aiff a] 

= aja; (11.12) 
r (a a[ | 

= i(ng — agat); (11.13) 
ee tienes E 


= aa} —aza}. (11.14) 


The quantities P, P, and P. can beconsidered as the components of the 
polarization vector P and the density matrix can be written in terms of P. 


gU ep). (11.15) 


Writing explicitly, 


1р r4(e) (ox) — ilos) 
T3|é6es4d4e) d-€) D шө 


Substituting the values of (25), (s,)and (0) от Eqs. (11.12 - 11.14) into 
Eq. (11.16), we retrieve the result (11.10). The density matrix is diagonal, 
only when the polarization vector P is along the z-axis. 
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Having introduced the concept of density matrix and applied it to the 
simple case ofspin-i particles, we are now in a position to construct the 
density matrix for a general case and apply it to study the oriented systems 
(Blin-Stoyle and Grace, 1957). 


11.2. Construction of the Density Matrix 


The density matrix is a Hermitian matrix and it is of dimension n x n where 
n is the number of basic states. Hence the density matrix can be expressed 
as a linear combination of п: independent matrices 5, (of order л) which 
may be chosen suitably. 


2 
p=) GS, (11.17) 


re 


The linear independence of the base matrices is expressed by the orthogo- 
nality relation 


Tr(S,5,) = тб. (11.18) 


The expectation value of S, is 


(5) = 21080) _ (1149) 
Then, 
T л? 
Ip TU 
p= = de Se) Se (11.20) 


um 
One of the S, can always be chosen to be the unit matrix / so that 
"2-1 


Tro ; 
б= =” {1+ D (54) 5, : (1121) 
= 


In the case of spin-j particles, the density matrix сап be written as 


I e.P), (11.22) 


2 


since Tr p = 1 and the polarization vector P = (с). This is identical with 
Eq. (11.15) obtained earlier for the spin-} system. 
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Choosing the base matrices S, to represent the components of the spher- 
ical tensors T7^ (k = 0,1, ... , n - 1) , the density matrix can be written 
as 


acl tk 


Tre rap yep 
D т (11.23) 


0 так 


It is easy to see that 


nel 


У26+1) =пха. (11.24) 
ыо 


The spherical tensors 7} сап be constructed out of angular momentum 
operators 


Tsad", TH =e(Ix JR, TH = e3((I x Jy x JV, 0125) 


where c, c; and с; are constants that are determined from the normaliza- 
tion condition 


TTE Te) = nées s. (11.26) 
The spherical tensor parameters (77%) (hereafter called (7^ ) are the ex- 
pectation values of the tensor operators 7;"* 
Xr (pale) 
ae = (ТГ*у= Ek 1127 
p = 0p) Тер (1127) 
The matrix element of the tensor operator Ту is given by 
doo EE e Е ТЕЕ 
virum = [2 2 амы 
PEE, 
[i5 | quam 


using the notation [k] = v2E E T 


11.3. Fano's Statistical Tensors 


In a representation in which the density matrix is diagonal, the nuclear 
orientation is completely defined by a set of parameters (T) defined in the 
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last section or equivalently through Fano's statistical tensors G,(j) (Fano 
and Racah, 1959; Rose, 1957b). 


eco 


- E254] 


- Уно | Des || 


т 0 т 


since (j||Ti|7) = [k], 
= У(ітрт) А 
= т» 
2 deb. (11.29) 


Instead of the statistical weights р„ it is found more convenient to use 
G,(j) in the study of the effect of the initial emitting state on the angular 
distribution and polarization of the emitted radiation. It is not the weight 
factors p, of the initial nuclear state but certain moments of p, that are 
of importance in determining the effect of the anisotropy of the initial state 
on the emitted radiation. Since p, is normalized to unity i.e., 


з 
ORE (11.30) 
pese 


it follows that 
1 
=—— 11.31 
Poi = р" ( ) 


for unoriented system. Substituting the value of p. given by Eq. (11.31), 
we obtain the statistical tensor for the unoriented system. 


1 Sed А Е 
11у" 
gai 1) ig Er (11.32) 
Multiplying the right hand side of Eq. (11.32) by the С.б. coefficient 
vids d) 

то т 


6400) 


which is unity and simplifying, we obtain 
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poc rec e 
ee a | 
х leva | A Es 0 |} 
“шы [а 
= ayer (11.33) 
It is shown that for unoriented system, the statistical tensor with k = 0 


alone exists. The oriented system is characterized by the existence of higher 


rank statistical tensors. But G,(/) is always equal to vim even for ori- 


ented systems. 


ex) = Neve У $] 


Wide 


d 


ü Уур 


Ws 


" 


(11.34) 
ПЕЧІ ) 


It can be shown that the higher rank statistical tensors depend upon the 
higher moments of the statistical weights p.. 


-m КР ol 
Lev ee. -m | 


zd | | (11.35) 


бй 


3 


мМ 


2) +1 mom 


using the symmetry property of the С.С. coefficient. Substituting the value 
of the C.G. coefficient 


E | ЛЕЕ (11.36) 


7+0’ 
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we obtain 
UE 
Gi) Еу (1137) 
10 петта). 5 


When the orientation of the nucleus is such that the first moment of p. is 


Seed 


then 
610) #0, 
and the nucleus is said to be polarized with the polarization defined by 
Pu(j) 3 тры/7, (11.38) 
such that 
99-06) њо (11.39) 
0 ој ("9 


In a similar way, G:(j) can be shown to depend upon the second moment 
of the statistical weights р. 


paneer up Ps 
Da Saree e | 


у, эЧ, 
= Dees б Zu (11.40) 
Substituting the value of the C.G. coefficient 
[2 2 арР D a141) 
^9 1 pnej- 007 +3) 


we obtain 


i 
m 5 i 
955 аот) 

х S pa (3m? – jG € 1). (1142) 


When буу) #0, the nucleus is said to be aligned. 
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It can be observed that Fano's statistical tensor G,(j) and the statistical 
weights p, are transforms of each other. 


Gd = Y) (C07 pu I2 sir il (1143) 


Multiply both sides by the C.G. coefficient I US sj and do the 


summation over k first and then over m. 
оа ote sant Hee 
Уво |}, E | = ЫЕ ЧЫ 


po 05 
Ae -w | 


= о 


= (Nee (11.44) 
Replacing m' by m, we obtain 
E я 
ses Усу") | ME | 7 (11.45) 


Thus we find from Eqs. (11.43) and (11.45) that p, and G:(j) are trans- 
forms of each other. 

It can be easily seen that the statistical tensors of odd and even rank 
correspond to physical situations with different types of symmetry. Oriented 
systems that can be described by statistical tensors of odd rank are said to 
be polarized whereas those described by statistical tensors of even rank are 
said to be aligned. In polarized systems, the positive and negative directions 
about the axis of symmetry can be distinguished. But alignment is that type 
of orientation which does not distinguish between the positive and negative 
directions of the axis of symmetry. Sometimes in the literature, the terms 
polarization and alignment are used to denote specifically the orientations 
G,(j) and G,(j) respectively. Since for any system, the statistical tensors 
with k > 3 are usually quite small, there is no practical distinction between 
the two terminologies although the former is preferable since it avoids the 
need for introducing new names for describing orientations with higher rank 
statistical tensors. 
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11.4. Oriented and Non-Oriented Systems 


Unoriented, oriented and non-oriented spin systems have been discussed 
in some detail in preceding sections but it is desirable to stress on their 
distinguishing features since the nomenclature is not followed uniformly 
(Ramachandran, 1987; Ramachandran et al, 1984, 1986, 1987a, 1987b). 

In an unoriented spin system, the particles are distributed uniformly 
among the various sub-states with different projection quantum numbers. 
In other words, the statistical weight p, is 1/(2j+ 1) for a particle with spin 
j. The density matrix is a scalar matrix with each of the diagonal elements 
equal to 1/(2j + 1). This is often referred to as unpolarized system. A spin 
zero system is always an unoriented or unpolarized system. 

For a oriented system, the density matrix is diagonal and the diagonal 
elements denote the statistical weights p, for the occupation of the various 
magnetic sub-states. It is this system that can be conveniently described 
in terms of the tensor parameters (70) or Fano's statistical tensors С,(/) 
discussed in Sec. 11.3. It has a unique axis of orientation and if it is chosen 
as the quantization axis, the density matrix becomes diagonal A spin-i 
system has always a unique axis of orientation and the density matrix can 
be diagonalized by a rotation of coordinate system. 

For j > 1, the density matrix p (of dimension n x n, n = 2j + 1) cannot 
always be diagonalized by a rotation of coordinate system and such spin 
systems are known as non-oriented spin systems. The density matrix is, 
in general, Hermitian and it can always be diagonalized through a unitary 
transformation but it is only in the case of п = 2, this unitary transfor- 
mation can be identified with a rotation of coordinate system. In all other 
cases with n > 2, the unitary transformations generated by rotations in 
three-dimensional space constitute only a subset of su(n). Hence, a non- 
oriented spin system is defined as a system with spin j > 1 if its density 
matrix cannot be diagonalized through a rotation of coordinate system or 
equivalently if the system cannot be characterized by a set of statistical 
weights p.. Such a system cannot be described in terms of Fano's statis- 
tical tensors G,(j) alone but requires a complete set of spherical tensor 
parameters i^(k = 1, n- 1; m = -k —k* ls +k). 

One can gain some insight by considering a geometrical method of con- 
structing a spherical tensor 1". Оіүеп a unit vector, a spherical tensor of 
rank | can be constructed. Given two unit vectors, a spherical tensor of 
rank 2 can be constructed. In a similar way, to construct a spherical tensor 
of rank k, a set of k unit vectors are required. 


=r (ду x Qa xà) (11.46) 


k 
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where 7, is a scalar and Q,, Q3, - -, Q, are unit vectors, each of which can 
be defined by two parameters (polar angles) Ө, ф. Thus, we find that a total 
number of 2k + 1 parameters are required to construct a tensor if’* of rank 
k 

Forspin-j system, the density matrix consists only of spherical tensor 
of first rank /f' and hence the system appears as a uniaxial system. For 
j > 1 system, the density matrix includes spherical tensors of second and 
higher ranks which are built out of two and more number of unit vectors and 
hence the system appears as a multiaxial system. Unless the multiple axes 
coincide and the system becomes uniaxial, the density matrix cannot be 
diagonalized by rotation in three-dimensional space. The multiaxial system 
with j > 1 is known as non-oriented system. To make it oriented, the system 
should be made uniaxial. 


11.5. Application to Nuclear Reactions 


In any nuclear reaction, the final nucleus will, in general, be oriented even 
though the initial nucleus may not be oriented. To be specific, let us consider 
a nuclear reaction in which a nucleus makes a transition from an initial state 
1J; M,)to a final state |J; Му). The density matrix p, for the final nuclear 
state is defined such that its elements are given by (Devanathan et al., 
1972) 


(муми = D Ur МАНАХ Mi) (i, are Ha MEAS; MDY* 
м.м; 


(Jy Mg pi HIM Му), (Ша?) 


where р, is the density matrix describing the initial nucleus and and H, is 
the interaction Hamiltonian that causes the nuclear transition. The density 
matrix p, completely describes the reaction cross section б and the spin 
orientation of the final nucleus (77). 


ae C T (Hip Hi!) =C Tr py, (11.48) 
» 
(hy = TASA). (11.49) 


where C is a constant. If the initial nucleus is unoriented, then 


1 
(PD May = 2441 [DU (11.50) 
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The interaction Hamiltonian is a, scalar and its general structure should be 


Apa ey ARE US (11.51) 


Ama 


where (7^ is a, spherical tensor operator in nuclear coordinates inducing 
nuclear transition and the spherical tensor component Aj" may refer to 
the radiated field. Substituting Eqs. (11.50) and (11.51) into Eq. (11.47), 
the elements of the density matrix p, for the final state of the nucleus are 
obtained. 


Cw = aa Xo CY vn 


Mj AA mamy 


xCQr MjUY? Ji Mi); MG|EQ М)". (11.52) 


Given the density matrix p, we can evaluate the traces, Tr p, and Tr 
(TEs) 


Ty = pa Ae) 


1 
Mi My dA any sn’, 


ТЭЗ 
“| и; m, My Jl Mi m, M; 


x slit] Е)" (1153) 
Жору nS м; (fa ae 
мүм; 2 


"wu bo X My ar) 


Mo Mp M; XX nase 
x (dy MIITEL Mj) Jp MU: Ma) 
x (5 MjUS" |J; Mi)" 
о 
Mi Mp My MMe mye 
[HEH AA лр мо 
My & Mt | Mi my Mr; Mi my М, 


AATE (11.54) 


First let us sum over М, The product of three C.G. Coefficients that occurs 
in Eq. (11.54) can be expressed as a product of U-Coefficient and a С.б. 
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Coefficient, using the techniques developed in Chap, 7 
Sie k e А NE 3 E 
2 My p Mi || M; my Mp || M; me My 
A] TET 
a (тут Л] АСА 
(en uu л> | м My Mi EX 


k ob ie 30 
Ы M; Му -my 
in. SE) ohh 
ma —my и 


ETT | (11.55) 


The summations over M, and Min Eq. (11.54) are redundant since M; = 
M, + m, and My = M, + т. Substituting (11.55) into (11.54) we obtain 


rfe) = spun; (AM) (AED 


Mna: 


2 
x (-1po Ug (АЛЕ Jg, Jj M) 


wii 
3X X E ena unesa 


x (Fp [ell EY” (11.56) 


Let us now perform the summation over m; and m» 


weyers o ams amo. 


= (-1)-* (Ay* x Ay. (11.57) 
Substituting the above result and after rearrangement, we obtain 


T (Теру) = uut -17* (А x Aot t 


x UD Jik Jp JE M) ID) 
x God Gr САА)". (11.58) 


Equation(11.58) can be equally used to obtain Trp, by substituting К = 0. 


у Uu. ; 
iS пл (AA (ЛШ. 0.59) 
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As an another example, let us consider a reaction in which the nucleus 
makes two successive transitions. It is a cascade process (Devanathan and 
Subramanian, 1975; Racah, 1951; Devons and Goldfarb, 1957) in which 
the nucleus first makes a transition from an initial spin state J, to an 
intermediate spin state J, due to an interaction H, and subsequently to 
a final spin state J, due to another interaction H, Assuming the initial 
nucleus to be unpolarized, the density matrix p, for the nuclear state is 
given by 


Ommy = D У (dy МЫШ Mi) Qr МН}: Mi) 
Jods ммм} 
x Шм MEY Ut M Ha MM (11.60) 


The interaction energy is a scalar and hence the interaction Hamiltonians 
H, and H, must have the structure 


но SAC yu m 


Ama 


DV Gy у 


Ay (11.61) 


In the above expansions, (7%, Vj** refer to spherical tensor operators in 
the nuclear coordinates and the spherical tensor components AT, pz" 
refer to the radiated field. 

The tensor moments (Tf of the spin orientation of the final nuclear 
state is given once again by 


"Ter 
(Pt) = rp ey) (11.62) 
where 
Gi») = spp DPT A) ИР (re) 
(Tp MIT? M; My) (Jy МУЛ Mr) 
хл MUZA: Mi) (Tp МУЛ Л М" 
х(Л MIURA |J; Mi} - (11.63) 


The summation index S stands for a set of 15 variables A, X, v, v’, Jn, Jh, 
my, m. my, mL, Afr, M], Му, М, and M. To obtain Eq. (11.63), the ex- 
pansions (11.61) of the interaction Hamiltonians H, and Н, are used. 
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There are five matrix elements in Eq. (11.63) and applying the Wigner- 
Eckart theorem, we obtain five С.С. Coefficients and five reduced matrix 
elements. After several regroupings of C.G. Coefficients, we obtain three 
U-Coefficients and the tensor components of the radiated fields A and В 
are suitably coupled to obtain a tensor of rank and projection quantum 
number н by a judicious summation over magnetic quantum numbers. Here, 
we only give the final result. 


: L е Р \ 
Tr (Thay) = уугу? КАЗ x Ам), X (BE x Br 
б R 


xop E U(Avk/, QT) 


KUCH ATEN, A A) UJgv JL A 9) 
Udy Jp, JL E) ШЫ) (al Vl m) 
АЕА (Isl I Vor J" Evil. — 01.0 


where the summation index R stands for a set of nine variables Jz, J4, v, 
у, AAS АО arid T. 

Equation (11.64) is very general and can be applied to obtain the nuclear 
transition probability and the spin orientation in any cascade involving a 
two-step process. By substituting k = 0 and н = 0, one can obtain Tr pf 
which is a measure of the cross section for this cascade process. 

Putting v = v' = 0, we obtain the result of the single step process. 


= Wa 
тоу = apg (Hy x A) ah 
ы AM i 
xU(Jg A Jg M, КАТЫ) 
х) Qr Call Fd (11.65) 


This is identical with Eq. (11.58) since 


UHA Jj V, Ja k) = (71 FR ecient Јулу). (11.66) 


Review Questions 


11.1 Define and explain the concept of the density matrix. For a spin- 
1/2 system, write down explicitly the density matrix in terms of the 
polarization. parameters P, P, and P. Find the expectation value of 
a dynamical variable F in terms of the density matrix. 
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11.2 Construct the density matrix for a system of arbitrary angular mo- 
mentum J and express it in terms of the statistical or multipole pa- 
rameters (Тү) 

11.3 What are Fano's statistical tensors and how are they related to the 
statistical parameters (T5)! Express Fano's statistical tensors in terms 
of the moments of statistical weights p, which denote the occupancy 
probabilities of different m states. 

11.4 Show that the statistical weights p, and Fano's statistical tensors 
(Т2) are transforms of each other. Distinguish between polarization 
and alignment of an oriented system. 

11.5 What are unoriented, oriented and non-oriented systems? Explain 
their distinguishing features. 

11.6 A non-oriented system is a multiaxial system and hence its density 
matrix cannot be diagonalized by a rotation of coordinate system. 
Explain this statement and deduce the conditions under which it can 
be diagonalized. 

11.7 In a nuclear reaction, the nucleus makes a transition from an ini- 
tial state of spin J, to a final state of spin J, due to an interaction 
Hamiltonian Р, Deduce an expression for the cross section and the 
polarization of the final nucleus if the initial nucleus is unpolarized. 

11.8 In a cascade process, the nucleus makes a transition from an initial 
spin state Л to an intermediate spin state J; and then to a final spin 
state J; by successive interactions defined by interaction Hamiltoni- 
ans Н, and H. Deduce an expression for the cross section and the 
polarization of the final nucleus, if the initial nucleus is unpolarized. 


Problems 


11.1 In a certain coordinate system, a spin-i system is in a pure state 
19,2) with spin-up. Find the rotation matrix that transforms the state 
|¥.,2) into |а) that has the polarization vector with polar angles (0,0). 
Hence obtain the density matrix corresponding to the state |o). 

11.2 Construct the density matrix and determine the polarization vector 
for a system defined by the spinor 


є cos 
X7 | e8 sins 
Find the matrix U, which rotates this state into [ j 


11.3 Construct the simultaneous eigenvectors of J^ and J -f for the states 
with j 1. Show that if a measurement of J. is made on a state in 
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which J. A is certainly unity, the eigenvalues 1,0, —1 of J. are ob- 
tained with relative probabilities cos! $, 2sin? $ cos? $, sin? $ respec- 
tively where 6 is the angle between й and the z-axis. 

11.4 The scattering amplitude for the scattering of a spin 4 particle is 
given by o - К + L, where К denotes the spin-dependent amplitude 
and L, the spin-independent amplitude. If the incident particle is unpo- 


larized, show that the scattered particle is polarized with polarization 


pe {Кх K*)+1°*K+1K* 
K.K* - LL* 

11.5 If the scattering amplitude for the scattering of а spin-j particle is 
given by б. К + L, where К denotes the spin-dependent amplitude 
and L, the spin-independent amplitude, deduce an expression for the 
scattering cross section if the incident beam is polarized. 

11.6 Deduce Eq. (11.64) from Eq. (11.63) by using angular momentum 
recoupling coefficients. 


Solutions to Selected Problems 


11.1 Let the frame of reference be X, Y, Z in which the system is in a pure 


state |V, /2} 
Y p. 
DES | 0 | 7 


This ket has to be rotated through an angle 6 about the Y-axis. Then 
the polar angles of the polarization vector of this ket will be (0,0). This 
is equivalent to rotation of the coordinate system through an angle —0 
about the Y-axis. The corresponding rotation matrix is obtained from 
(5.33). 


е gn 

Y cos? sing 
Ug-d «ea i: i D 5 

=sin$ cos $ 


Then 
le) = (ra) ia) = p! PCI aa. 
Explicitly, 
a] _ [esf eal 
o3] — [sing со ]|0 
= [98] 
~ [sing j’ 
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To obtain the density matrix, one can use either expression (11.10) or 
(11.15). The third method is to find the density matrix in the rotated 
coordinate system by using the rotation operator. 


Method 1: 
Using Eq. (11.10), we obtain the density matrix p. 
pua] "Ui, =й 
= leYtel = , 
cos! sing sin? 
Method 2: 


From Eq. (11.15), we have 


р саа 
=5[,+#, 1-Р, |? 


where P. = cos®, P. = sin, Р, = 0. Substituting these values, we 
obtain the density matrix. 


р 


1+ 0050 sin 
зїп е 1—cosé 


1 
2 
24 ? sin 2 
соз cos $ sin 5 
d 


cos $ sin$ — sin 


Method 3: 
In the X, Y, Z frame, let us denote the density matrix as po. 


BEET 
= |0 0 
To bring | фуз) to]a), a rotation of the coordinate system through an 
angle —@ is to be made about the Y-axis. (Ux = [ d? (-0)]".) 


e = билм Unt 
E | sn? sin? | 
11.2 The density matrix p is given by 


ates cos? б ello) cos 6 sin 6 
РЕ ХХ = | ава) cos ôsin б sin? ô 3 
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If the direction of the polarization vector is given by й(@,ф), then the 
density matrix can be written as 


E 
[] 


50+.) 


Ір созе singe- 
2| шве 1-cos8 j` 


Comparing this with the density matrix obtained earlier, we find that 


86-26; ф= 8-0. 


The required matrix U, that rotates the state X such that 


1 
[i] 
is 
па | esse азво? 
FT Lsnée*? cose? |? 
with ф= B — о. 
11.3 Choose the quantization axis as 4. Then the eigenvectors of J? and 
J+ hare 
1 0 0 
Cols. EAA 
0 0 1 


The density matrix p, in this basis is diagonal and it is given by 


deste 
Pr=}0 0 0], 
ооо 


The rotation matrix Up that transforms p, into р. to the basis in 
which the unit vector т} makes an angle Ө with the z-axis is 


T i4 cose) 590 1 — cos#) 
4(-8)^ = | sine cos? Об 
101 - соз0) Jos (1+ соз0) 


Ов = 
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The density matrix p. in the new basis is given by 


У? cos? f т co $ sin? d 
2 sin? A 90200 уб апо? сов ё 
V2 cos sin? $ sint? 


The diagonal elements of the above matrix give the relative probabili- 
ties of obtaining the eigenvalues 1,0, —1 for J. in any measurement. 


CHAPTER 12 


PRODUCTS OF ANGULAR MOMENTUM MATRICES AND 


THEIR TRACES 


12.1. General Properties 


Let 


us first recall the general properties of angular momentum matrices, 


products of angular momentum matrices and their traces. 


1. 


w 


Of the angular momentum matrices, J? is a scalar matrix 
PET: (12.1) 


where тү denotes the eigenvalue j(j + 1) of J^ operator and Z, the unit 
matrix. The trace of the matrix J^ is 


т = (23 +1) = 0. (12.2) 


. The remaining angular momentum matrices are the Cartesian compo- 


nents Л, J, J. of angular momentum, the ladder operators J., J. and 
the spherical components J}, Jy", Jf of angular momentum. These are 
traceless matrices and they obey the following commutation relations: 


[Use Jue EL s] s TER IU | mi (12.3) 
[JeJ-]9244 [Je Ja] = л (12.4) 
Ме 3, DA= UL 


Although these matrices are traceless, their products can have a non- 
vanishing trace. 


. The matrices Л, Л, J. are Hermitian matrices. If the matrices / and 


any one of the components are diagonalized simultaneously, then, in 
that representation, one of the two remaining matrices has only real 
elements and the other has only imaginary elements. It is possible to 
go from one representation in which J^ and one of components, say J. 
are diagonal to another representation in which J’ and J, are diagonal 
by unitary transformation but the trace is invariant under such unitary 
transformation. 


150 


ANGULAR MOMENTUM MATRICES AND THEIR TRACES 151 


4. The trace of a product of matrices is not changed under cyclic permu- 
tation of matrices. 


Tr(Ai Аз Аз... Anci An) = Tr(An A1 Аз... Agi) — (126) 


v 


Consider a product of Cartesian components Л, J, J. of angular mo- 
mentum. 


АЈ (12.7) 


If J, occurs o. times, J, occurs В times and J. occurs y times in A, 
then 


Тг А is real, if o.By аге all even integers, 
Tr is purely imaginary, if oB,y аге all odd integers, 
TrA is zero, if aß,y are of mixed type. (12.8) 


The above simple result regarding the nature of the trace is obtained 
using the property (3) that in a given representation, two of the three 
matrices consist of real elements whereas the third consists of purely 
imaginary elements. 

Ifo,B.y аге of mixed type, then, in one representation it is possible 
to choose the matrix that occurs odd number of times as the one 
that contains purely imaginary elements. In another representation, 
one can choose the matrix that occurs even number of times as the 
one that contains purely imaginary elements. In the first case, TrA 
is purely imaginary and in the second case, Tr A is real. Since this is 
in contradiction with the property that the trace is invariant under 
unitary transformation, Tr A should be identically zero, if o, p, y аге 
of mixed type. 

If o,B,y аге all even (odd) integers, then the matrix that has purely 
imaginary elements will occur even (odd) number of times in any rep- 
resentation, Since is= (i) is real (imaginary), Tr A is real (imagi- 
пагу). 

(a) Tr (J2 JÉ, J}) is invariant under an interchange of powers of Л, Jy 
and JN which are the Cartesian components of angular momentum. 
Ы) тек Л JY) = (2199 Tr (I? Ja di) 

Consider a product В of angular momentum matrices with J., J. and 


^ 


м 


В = Jih diJa... (12.9) 


with Je J, J. Ja .. standing for any one of ће angular momentum 
matrices J, J, J. Let J, occur p times, J occur q times and Л. 
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occur ғ times. The J. operator steps up the projection quantum num- 
ber m by 1, the J. operator steps down ће т value by 1 and the J. 
operator leaves the m value unaffected. Since Tr В is the sum of the 
diagonal matrix elements of B, 


тв = X G m|Bli m} (12.10) 


the trace exists only when p = 4. 
Consider a product C of angular momentum matrices in spherical ba- 
sis. 


= 


SUL didus (12.11) 


where Ja Ji, J, Ja .. denote any one of the spherical components 
of angular momentum, J}, J71, J?. Since 


1 
Hove 


it follows from our earlier consideration that for non-vanishing trace of 
C, the number of J} matrices should be equal to the number of Jy! 
in the product of matrices. 

It has been shown by Subramanian and Devanathan (1974) that Tr 4, 
Tr B and Tr C are polynomials in n, the eigenvalue of the J^ opera- 
tor and recursion relations for these polynomials have been developed 
by De Meyer and Vanden Berghe (1978) and Subramanian and De- 
vanathan (1980). 
Ambler et al. (1962a, 1962b) have obtained the traces of a limited num- 
ber of angular momentum matrices for systems of arbitrary spin and the 
study has been extended by Subramanian and Devanathan (1974, 1979, 
1980, 1985), De Meyer and Vanden Berghe (1978a, 1978b), Thakur (1975), 
Rashid (1979), Kaplan and Zia (1979), Ullah (1980a, 1980b) and Witschel 
(1971, 1975) 


ә 


12.2. Evaluation of Tr J? 


The evaluation of Tr J?” is of fundamental importance! since any trace of 
products of Cartesian components of angular momentum can be expressed 
in terms of this. Also, the trace is invariant under unitary transformation 


Subramanian (1986a,1986b) has evaluated the Tr JŽ? using the Brillouin function 
and also obtained a generating function for the trace. 
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and so the same result will be obtained for any other Cartesian component 
of angular momentum. In other words, 

Try? = Te J^ = Tr? (12.12) 


We need to evaluate the trace for only even powers, since the trace of odd 
powers vanish as is evident from the property (5) discussed in Sec. 12.1. 
Accordingly, Tr(J7) = Tr(J& JÊ J2) with a = B = 0 and y odd should 
vanish, since œß,y are of even and odd mixture, zero being considered as 
even integer. Hence, 

Ted? =TrJP = Тт? =0 (p= odd integer). (12.13) 


Choose a representation in which J. is diagonal. Then 


Tm) = У) (ут? lim) 


A 
ie, 
J ps P= рут Bend +1), (12.14) 


where Bapa(j + 1) is the Bernoulli polynomial of the first kind of degree 
(2p + 1) in (j + 1). A brief description of the Bernoulli polynomials is given 
in Appendix F. The reader may refer to Miller (1960) for more details. 

We shall illustrate the usefulness of the result obtained above by giving 
a few examples. From Eq. (12.14), we obtain 


TP) = фВу+1) 


2 1 
= gUtDG+ = 39 (12.15) 
2 
TUI) = 5 UTD 
1 
= N-I) 12.16 
7g 280 ~ D. (12.16) 


The required Bernoulli polynomials B,(x) and B(x) are taken from Ap- 
pendix F. 


(12.17) 
(12.18) 


Вт) = 
Biz) = 


We shall give two more examples, the evaluation of Tr (J. J, J.) and Tr (J232) 
Л. = МЫ АЈ.) = Ju Je Js. (12.19) 
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Taking the trace on both sides and using the property (6b) and the result 
(12.15), ТЛ. J, Л) is evaluated. 


Tr(JeJyJ;)— (Л.Л) = iTr(J2). 
2T.(LJj4;,) = ign (12.20) 
Let us now evaluate the other trace, '1r(J2/2) which requires a knowledge 
of Tr J? and Tr J4 
BIE 523-9) 3), 
PEFR РЕ 
2Tr( 3242) = wTr(72) - r (75 


- en (12.21) 
ДЕУ, 


Thus, we see that to evaluate the trace of any product of Cartesian com- 
ponents of angular momentum, we require only a knowledge of the trace of 
even powers of J. 

It has been shown by Subramanian (1974) that the Bernoulli polynomial 
in s can be expressed as another polynomial in и . 


Bopyi(s) = (8 — 1)(25 — 1)5, a (v). (1222) 
In Eq. (1222), Е, (и) is a polynomial of degree (p - 1) in u. Hence, 
Tr(J2?) = a Balj +1) 


= P i EIC 


= 06,10), (1223) 


where 1) = j(j + 1) is the eigenvalue of the Л operator, О = (Qj + 1) is 
the trace of the J^ matrix and Р, (п), Git) = [2/(2р+ D] F,a(n) are 
polynomials of degree (р - 1) in m. It is an important observation made by 
Subramanian and Devanathan (1974) that Tr JŽ” is a polynomial in m and 


“This property has been used by Pearce (1976) for the study of spin correlations in 
the Heisenberg model. 
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they obtained a recursion relation for the polynomial G,(n) (Subramanian 
and Devanathan, 1980). 


e d 
a6 e E C + ATH + Vg EE 


_ 2002р - YI) 


2j41 
= 2p(2p - 3 б»). (12.24) 
The last step is obtained using the relation 
TJP?) = 06,200). (1225) 
Starting from the lowest order 
Ti(J$) = Tr(7) 2 2j +1, (12.26) 


traces of higher orders (2 p ) can be obtained successively using the aforesaid 
differential recurrence. relation. 
123. Evaluation of Tr (J^ JÈ) 


For the trace of the product of J. Л matrices to exist, the power of J. 
should be the same as the power of J, since 


i 
т) e. У) т Лут}. (12.27) 
ER 


The J. operator steps up the т value by unity and the J. operator steps 
down the m value by unity. 


Jim) = (JF m)G tm + ут) (1228) 
By repeated application of J, and J. operator, we obtain 
(бт рт) = (G-m(-m-1...( m-ke py} 
xi £m DG me2)...G mak 
{ m\(j+m+h ү 
(3-т-Е!(+т)] ` 
Отрута) = (G+ mt ЕД +т+Е—1)...0+т+1))}# 
х{ф-т—-Ё+1)(у—т—Е)...(у) т) 


2 а= шшр 
^olGrmtG-m-X5j' 


(12.29) 


(12.30) 
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Hence, 


k gk (f= ma) m E X) 
(Jt Jt) aS GEE HIGH (12.31) 


п 


In the above summation, m > j - k will not contribute since (j - m - k)! 
will become negative which is not allowed. Therefore, 


Tr (JE 75) = (12.32) 


Since m is a dummy index, over which summation is performed, one can 
replace m by -min Eq. (12.32). 


T 
чы ну No От) m4 kb)! 
Tr(J* Jt) = E CE GEI (12.33) 


Let us now define new variables г and u, 


t=j+m-k, u-22j- (12.34) 


such that the summation extends from г = 0 to г = u. Replacing the 
variables j and m by the new variables г and и, we get 


Tr(J* JE) -5 EEES TE Sh iae 


2 "I Ee | ( p (12.35) 


i-e 


where m ) = aV(bNa - b)!} denotes the binomial coefficient. Using the 


S fitk\fu-tt+k) _ (kel 
t ) u-t > u 


_ (3kl4u 
E ( deed ) (12.36) 


identity, 


we finally obtain the result 


(Kk)? (2j +4 +1)! 
CREDI Z kT 


Tr(JE Ih) = (12.37) 
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This result was first obtained by Subramanian and Devanathan (1974) using 
the concept of statistical tensors discussed in Chap. 11. Subsequently, it was 
rederived by De Meyer and Vanden Berghe (1978) using the above algebraic 
method. Ullah (1980a,1980b) also obtained Eq. (12.37) using the angular 
momentum operator identities and rotation operators. 


124. Recurrence Relations for Tr (J^ J} j^) 


It is possible to express the trace of any product of a definite number 

of angular momentum operators J., J. and Л. as a sum of traces of the 

type Tr(J^J1/£). De Meyer and Vanden Berghe (1978) have obtained а 

recurrence relation for the trace with respect to the number of Jz operators. 
It is convenient to introduce the shorthand notation 


л КЛА, (12.38) 


for developing a recurrence relation starting from Тг(&0) for which an 
analytical expression (12.37) 


(AIP 2j + &+ 1)! 
CECEN 
has been obtained. It turns out that a distinction has to be made between 


even and odd / values, leading to a different type of recurrence relation for 
either case. Here, we only give the final results. 


Tr(k,0) = 


For odd J, 
EM 
У( ? eee) = 0. (12.39) 
= 
CET 
Ss = Jesi maa = -2Tr(k,2n—1). (1240) 
Er] 


Both Eqs. (12.39) and (12.40) are recurrence relations, either of which can 
be used to express Tr (k, Г) for odd Г as a sum of quantities Tr (k, i) with i < 
L For the purpose of illustration, let us calculate Tr (k, Г). From Eq. (12.40), 
it follows that for n = 1 


3 ( i ) (=k) Tr (E, 0) = 2 Tr (1,1), (1241) 
èr 
Ti, 1) = Lk Te (k, 0). (1242) 


The same result is obtained using Eq. (12.39) also. 
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For even |, 


ia 
(6+1 200,141) = E tds nen ( і ) TO 
= 
a 
= : увел 
m 
-X( Г аз) (243) 
= 


The above equation can be used to evaluate Tr (k, Г) for even J, in terms of 
quantities Tr (k, i) with i < 1. 
Let us calculate Tr (k, 2) with the help of Eq. (12.43). 


(2k + Зуї+ (k, 2) = k(k + 1)Tr (k, D) + 10 (6,0) - Tr (ky 1). (1244) 


Since 


it follows that 


Tr(k,2) = (2 +K? +k? — k) Tr (5,0). (12.45) 


1 
2(2k +3) 
12.5. Some Simple Applications 
12.5... STATISTICAL TENSORS 


We have seen in Chap. 11 that the final nuclear spin orientation in any 
nuclear reaction can be completely described by a set of parameters (17^) 
using the density matrix p, and the statistical tensors Тү * 


n 
г 


av 


(12.46) 


The statistical tensor Ту *їз a spherical tensor of rank К in the spin space 
of the final nucleus that satisfies the normalization condition 


Tr(T Tow) = (2j 1) eu банз (1247) 
subject to the condition 0 <k «2j, where j is the spin of the final nucleus. 


Using the Wigner-Eckart theorem, we have 


" т i) te ja 
Gwaii m | enean. (1248) 


Since commutes with 77^ ie, [J?, Те] = 0, ў = j. Consequently, 
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TPUTEM) = PO (jm T ™ Lim’) т TE jm) 


RE е 
Е 
ЙТЫ) ШТ) 
Я 
= В апы? вы (1249) 


The last step was obtained by summing over the magnetic quantum num- 
bers and using the symmetry and orthonormality properties of С.С. coef- 
ficients. 


yew»e[A £ ipio & s 
i m oom m m my m 


а jth У ЖУ 
x comu ы 


[] 


"ru ce pete 
GP 


= Tae mma (12.50) 


Comparing Eqs. (12.47) and (12.49), we get the value of the reduced matrix 
element. (7117117). assuming it to be real and positive. 


GIIT) = (07. (12.51) 


12.52. CONSTRUCTION OF TË 


It is possible to construct the spin tensor Т} using the angular momentum 
operator J. 


TE = Gi BY = Си), (12.52) 
where Gk is a constant that depends upon k. To determine this constant, 
let us first find the matrix elements of the spin tensor prd and the ladder 
operator (J.)' between the states |j, j — kjand |j, j) 


S eus УЕ 
watt) = [i l]emam оъ 
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Substituting Racah's expression for the C.G. coefficient, 


[ METUS 2 ран 


j-k kj [ТЕЙ] DES Б (est 


and the value of the reduced matrix element from Eq. (12.51), we obtain 


TA у оза овур 
Gami- = ООД [8]. (12.55) 


Starting from the matrix element of J. operator, we can obtain the matrix 
element of (J.)* by successive operation of Л, k times. 


(m Ц т) = (Gm) m1) (12.56) 
(т) m- k) = (ome) -mek-1)-- (ji m41) 
x( 4m-kc 14 m-k4 2) (т) 


б-п т) AT 
4 сл 230) 


Putting m — j in the above equation, 


(12.58) 


Gli k) = { 


and substituting Eqs. (12.55) and (12.58) їп Eq. (12.52), we finally obtain 
the value of Gi 


1 f2*(2j + Dk + 1 (2j -k 
m gg A e 12.59 
Ge al (2j 4 k4 1)! ( ) 
12.5.3. ANALYTICAL EXPRESSION FOR ‘Ir (J& T 
The spin tensor is normalized according to Eq. (12.47) such that 
TrCrE TE) = 2j +1. (12.60) 


Expressing the spin tensor T% іп terms of J, using Eq. (12.52), we obtain 


(Gi (1/2) Tr (JE TR) = 2j 1. (12.61) 
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Substituting the value of Gk from Eq. (12.59), we get a compact analytical 
expression for Tr (J4 Jė). 


gk 
De (get Му С eet) 
_ (HU Qj kr 1) 
= (RFI k] (12.62) 


This result was first obtained by Subramanian and Devanathan (1974) using 
the method outlined above and is identical with Eq. (12.37) obtained using 
the algebraic method of De Meyer and Vanden Berghe (1978) discussed in 
Sec. 12.3. 


12.5.4. ELASTIC SCATTERING OF PARTICLES OF ARBITRARY SPIN 


Let us consider the scattering of particles of arbitrary spin / by a target 
nucleus of zero spin. The transition operator for this scattering can be of 
the general form 


t=(J. APİ E (IC В) e (J CPF +... (12.63) 


since a tensor of maximum rank 2 j is necessary to connect one projection 
of j to another projection of j. 

The density matrix p, of the scattered beam completely describes the 
spin orientation which can be represented conveniently by a set of param- 
eters (17%) defined by Eq. (12.46). The spherical tensor operator 77^ of 
rank К is in the spin space of the scattered beam and it satisfies the normal- 
ization condition (1247). The differential cross section is given by Tr ps 


Tep c Lt. (12.64) 
For the special case, 
+=(7:С)+р, (12.65) 


we give below Tr p, and Tr (Туру) 


Trey = Wil. + 3DD"), (12.66) 
TT) = Imps) 


МЇ? 2] + 1C x Ct) + 20D" + 2DC"}. (12.67) 


In a similar way, it is possible to evaluate "Ir (77 p;), Tr (T? py), Tr (19) 
but Т(у) = 0 for k > 3. 
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Review Questions 


12.1 What are the properties obeyed by the product of Cartesian compo- 
nents of angular momentum matrices? Find the trace of J?” where A 
stands for any one of the Cartesian basis x, у or z and p an integer. 
Show that the trace is a polynomial in ņ which is the eigenvalue of the 
operator P. 

12.2 Evaluate (a) Tr(J2), (b) Tr(J3), (c) Tr. J, J), (d) Tr(J? J2) in 
terms of the angular momentum quantum number j. 

12.3 Find the condition for the trace of a product of angular momentum 
matrices in spherical basis to be non-vanishing. Evaluate Tr(J* JE), 
where J, and J. are the ladder operators and k, an integer. 

12.4 Construct the spin tensor operator T using J. operator and hence 
evaluate Tr (J* Ji). The following С.б. coefficient is given: 


[5 Ei] eren] - 


12.5 Discuss briefly how the elastic scattering of particles with arbitrary 
spin by a spin zero target nucleus can be investigated using the trace 
techniques of angular momentum matrices. Assuming the transition 
operator to be of the form J + C + D, obtain expressions for the scat- 
tering cross section and the polarization of the scattered beam. 


Problems 


12.1 Using the general properties of traces of products of angular mo- 
mentum operators, choose from the following, the products of angular 
momentum operators whose trace is zero. 


(a) Je d, ЛЛ. GERA. 


( DZI Ja 
Gda DEL (gy J2 Jg. 


Give reasons for your answer. 
12.2 Evaluate the following traces of products of angular momentum ma- 
trices. 


(a) Tr (J2 Jy Je), (b) Te(Jz)®, (c) Tr(J2 7). 


12.3 Evaluate the following traces. 


(a) Tr(J- 4), (b) (Л ЛЛ), (c) Tr(J4 JJ), 
(à) Tr(J2 3), (e) Tr(J-2J4),. (f) Tr 4.72 J.). 
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12.4 Evaluate the traces of the following: 
(а) (J-A), (b) J(J- A), (O(J-A)(J- B), (0 J(J- AY B), 


where J denotes the angular momentum operator and A and B are 
ordinary polar vectors. 

12,5 Using the trace techniques of angular momentum operators, construct 
the spin tensor operators £4. = 2, 1, 0, -1,—2. 


Solutions to Selected Problems 


124 (a) T 4) = 0, (d) THI? 2 Je) = 0, 
since for the non-vanishing trace, the powers of J, J, and J. should 
all be even or odd. 


(e) T(J2 Je 7р) = 0, (g) T(J? J? J+) = 0, 
since the powers of J. should be equal to the power of J, for the 
trace to be non-vanishing. 

12.4 (a)Tr(J - A) = ТОЛА + J, A, + J A.) = 0. 


Expanding and retaining only the non-vanishing terms, 


(b) TJ(J + A) ША + T(J2) A 4 + Tr? 


1 
= RA 
3 


(c) T(J-AXJ-B) = Tr{(JpAp + JyAy + JeAz) 
х(ЬВ„ + JyBy + J,B.)] 
= Tr(J2)AsBe + Tr(J2) A, By + Te(J2)B? 


1 
39(4:В). 


(d) TrJ(J-AYJ-B) = Tr(Js(JeAz + JyAy ЛА) 
x(JoBz + JyBy + JD.) o 
= TH(JrdyJz)Ay Bs odd) A BU 
Tes 
- БИНА x B) 
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12.5 The spin tensor ті сап be constructed from the basic angular mo- 
mentum operator J in spherical basis. 
Te = k(x hh 
WES LE un puo 
= xps m ale pia 


жн 
The constant k can be determined from the normalization condition 


Tr(TE TE) = 2j 1. 


Let us give below the explicit forms of the spin tensor operators. 


1J,J.-34.J, +292). 


In the above equations, the spherical tensor operators J}, J; ^, Jf are 
expressed in terms of the ladder operators Л, J. and J. operator. 
In a similar way, the explicit forms of the other spin tensor operators 
Ту, Ту? сап be given. The constant К that occurs in each of the 
spin tensor operators is the same and can be determined using the 
normalization condition of anyone of them. For instance, 


at na et. 
"regia? = R) 
02 2 " E 
= q19206-09j*3) 
Using the normalization condition, 
BD 


E Qj = 12543) = 41 


4 15 
Since Q = j(j + 1)Qj + 1), it follows that 


( 2 M ) rj 

jG +j- 1X2 +3) ' 

It can be verified that the same result will be obtained if we choose 
instead the Tr(T2! T} or Te (TO! Т0) 


CHAPTER 13 


THE HELICITY FORMALISM 


13.1. The Helicity States 


The component of spin s along the direction of motion of a particle is known 
as its helicity and the helicity quantum number is usually denoted by the 
symbol A. It is also the component of total angular momentum J along 
the direction of motion since the orbital angular momentum L — r x p is 
perpendicular to the direction of motion ф and consequently its projection 
m, on the momentum axis is zero. 

The helicity formalism has been developed by Jacob and Wick (1959) for 
relativistic description of scattering of particles with spin and the decay of 
particles and resonant states. It is equally applicable to massless particles. 
The helicity formalism leads to simpler intensity and polarization formula 
over the conventional method in the study of scattering and reaction of 
particles. The advantages of using the helicity states are many. 

1. There is no need to separate the total angular momentum J into orbital 
and spin parts and hence avoid the difficulties and complications that 
arise in the treatment of relativistic particles. 

2. The helicity А is invariant under rotations and so states can be con- 
structed with definite J and helicities. 

3. The helicity À is well defined also for massless particles and so there is 
no need for separate treatment for massless particles 

4. The helicity states are directly related to individual polarization prop- 
erties of the particles and hence convenient for the polarization study 
over the conventional formalism of choosing a reference frame with a 
fixed quantization axis, say z-axis. In the conventional scheme, one has 
to shuttle back and forth between two representations, one in which 
the scattering or reaction is conveniently described and the other in 
which the states are labeled with individual spin components. 


In order to specify the helicity states of a particle of mass т and spin 
s, it is not necessary to know the relativistic wave equation for such a 
particle. It is enough to know that such a wave equation exists and their 
plane wave solutions, representing states of definite linear momentum p 
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and corresponding positive energy E = (m? + p), have the following 
properties: 
1. For each p, there are 2s + 1 linearly independent solutions which can 
be characterized as states of definite helicity А. 


А= 8,8-1, (13.1) 


These states characterized by p and A form a complete set of orthog- 
onal states for a free particle of mass m. If т = 0, the number of 
independent solutions reduces to two: А = For example, a photon 
has only two independent helicity states А Ay 

2. In the case of ordinary rotation in three dimensional space, the direc- 
tion of p changes but the helicity A remains unchanged. 

3. Under space reflection about the origin (ie. parity operation), the he- 
licity A of a moving particle changes sign. 

4. When a Lorentz transformation is applied in the direction of p, the 
magnitude of p changes and in some cases, the direction of p also, if 
m # 0. If the direction of p is not reversed, the helicity À remains 
unchanged under Lorentz transformation. 


Let фуу denote the state of a particle with momentum p in the positive 
z-direction. By Lorentz transformation, all states wp with fixed А and 
variable p can be generated. If m # 0, it is possible to reach the rest state 
with p = 0 by Lorentz transformation. In the rest state, since the total 
angular momentum of the particle is equal to its spin, it is possible to 
obtain the relative phases of the states jo, by the requirement 


(Je 77) во = [(8 FANS E A + DII oaa (13.2) 


In the above equation, J, J, Л are the standard spin matrices. For а 
massless particle, no finite Lorentz transformation can reduce p to zero. 
For this, we have only two helicity states with A = +s and it is possible to 
go from one state to another by means of a reflection, 


Y = ip, (13.3) 


where P denotes the parity operator corresponding to reflection with re- 
spect to the origin (x, y, z — -x, —у,—3, the operator e774: denotes a 
rotation about the y axis through an angle л and Y, the reflection in the 
xz plane. The operator Y transforms the state Wp, into jy, арап from 
a phase factor. 


Ys = los (134) 
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Since Y commutes with a Lorentz transformation in the z direction, т 
should be independent of p. It is therefore a constant which we shall call 
the “parity factor" of the particle. For example, the А = +1 solutions 
for a photon are А+ = «уе. + ie,)exp(ipz) such that ҮА = —Ag 
Comparing this with Eq. (13.4), we obtain ņ = —1. 

It is instructive to check the consistency of Eq. (13.4) with Eq. (13.2) for 
m # 0. In this case, P transforms jg, into itself apart from а phase-factor 
which must be independent of A (P commutes with J). Hence 


P toy = noy. (13.5) 
Furthermore 


ee doy = So dis (т) Bows (13.6) 
m 


where the matrix element d, (ris given by 


dalr) = (216 (13.7) 


Comparing Eqs. (13.5) and (13.6) and applying a Lorentz transformation 
in the z direction on both sides, we get 


Y à = q(71) pp,- (13.8) 


which for А. = s reduces to (13.4). 

If Ypa denotes a state with momentum in the positive z direction, how 
can we define a state y, with momentum in the negative z direction? We 
will have occasion to use the state y,; in the treatment of two-particle 
scattering in centre of momentum frame wherein one particle moves in the 
positive direction while the other particle moves in the negative direction. 
A rotation through an angle п about the y axis corresponds to a transfor- 
mation x, y, z — -x, y, -z and hence 


Xp = (709 e рд, (13.9) 
The phase factor (-l)*^ is introduced such that 
Xoi = Yoa (13.10) 
The result (13.10) is obtained from Eqs. (13.6) and (13.7). 


It is possible to generate states [p 9; А) with momentum p'(= ре 4) in 
an arbitrary direction specified by polar angles Өф by means ofa suitable 
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Figure 13.1. Тһе fixed frame of reference x, y, z and the helicity frame хуу (Z 
coinciding with the direction р’), 


rotation R(o,D.y) applied to states 
positive z-direction. 


» having a momentum p in the 


ip6 ài A) = Ra, B, Y) ул. (13.11) 


Inthe present notation, the state $i can be equivalently denoted as 
[p 00; A). Two different conventions are in vogue for the choice of angles 
of rotation in R. Jacob and Wick (1959) used a= 6,B= Өү= -0, corre- 
sponding to a rotation through an angle 0 about the normal to the plane 
containing p and p’. It is found more convenient to adopt the convention of 
Jacob (1964) and choose œ= ф,3= Өү = 0. In this case, the x" and у' axes 
to be associated with the helicity direction p'as z' axis are as indicated in 
Fig. 13.1. The positive x' direction is along the direction (p x j^) x p’ and 
the positive у’ direction coincides with the unit vector (p x ^) 

The state |p00; А) (= ¥pa}is a plane wave state with momentum р іп 
the direction of z-axis (chosen coordinate system) and it can be expanded 
in terms of states |p j m; А) of definite angular momentum j and projection 
m. In the chosen coordinate system, m = A for all j 


1p00:3) = Урі А), (13.12) 
1 
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where C, are the coefficients of expansion. Applying a rotation operator 
R(0,0,0) on both sides, we obtain 


Ip£ $3) = у C; D$ (6,0) 1p} mi A}. (13.13) 


E 
The expansion coefficients C, are determined by specifying the normaliza- 
tions of the plane wave states |p 0», A) and the angular momentum eigen- 
states |pj m; A) and by using the orthogonality relations of the rotation 
matrices. The plane wave state [p8 à, А) is normalized such that 

(p 0 di | рб ф; X) = 6р #(0ф, 0 8) 6, (13.14) 
where бу{#ф,#° д7) stands for 

§;(6¢, 0/0") = &(cos8 — cos 8") (4 — d^). (13.15) 
The eigenstates of total angular momentum obey the normalization 

(рт Арт А) = ys буу бы буу (13.16) 


The orthogonality relations of d-matrices are given by 


Ja (3) 1,08) sin Bad = za бр (13.17) 


ЭЭ, 2j di, (9) di. (3) = (cos B — cos 8}. (13.18) 


Using the normalizations (13.14) and (13.16) of the plane wave states and 
the angular momentum states and the orthogonality of d-matrices (13.18), 
we obtain the expansion coefficient C. 


(13.19) 


Thus, we obtain the important result of the expansion of the plane wave 
state as a sum of angular momentum states for a particle of arbitrary spin s. 


Ipag: A) = > Di (6,6, бр} m; А). (13.20) 


Since total angular momentum of the particle and its helicity are in- 
variant under rotation, it is possible to obtain the inverse relation which 
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enables us to project states of definite total angular momentum and helicity 
from the plane wave state. 


IE = (FE [мм 6,6, 0)|p0¢; A) 40, (13.21) 


dQ = sin 8 då do. (13.22) 


where 


Equivalently, the transformation matrix that corresponds to a transition 
from the angular momentum state to the plane wave state is 


(pimal padia) = P Di (9.0.0). (13.23) 


It is easy to verify that the normalizations (13.14) and (13.16) are consistent 
with the definitions (13.20) and (13.21), using the orthogonality relations 
ofd-matrices. From Eq. (13.20), we find 


v» EI pal AO DEO, 9,0) 


jm jm! 


x (p! jm; N | pjm;d) 
2j41 
= 4 У Y DJ (d 9 09р? (4,8, 0) 


dm 


= bpp 62(0Ф,0 Ф), (18.24) 


" 


(p 8 Фф; Ар ФА) 


using the normalization (13.16) and the orthogonality relation (13.18) of the 
d -matrices. Similarly, starting with Eq. (13.21) and using the normalization 
(13.14) and the orthogonality relation (13.17), we obtain 


o EUM e pi) Uf or 4,8,0) РУ (df, 6,0) 
we 9 d' \ |p Od; aa! 
ee (13.25) 


Equation (13.20) is the expansion of the angular function of a plane 
wave. И may be noted that the angular dependence of the wave function 
is given by a D-function instead of a spherical harmonic function which 
occurs in the case of spin-zero particle. For spin-zero particle, 


Ar 
Vasa 


A-0 jl 2,0,0) – ч#,д). (13.26) 
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Hence, for spin-zero particle, Eqs. (13.20), (13.21) and (13.23) reduce to 
[peo rA=0) > Y7Yr*(6,6)lm) = OHH) Y (8). 0327) 


m um 
рт) э Yê) (1328) 
(pimid|p8ó) — 700,0) = X" (B). (1329) 


13.2. Two-Particle Helicity States 


In the two-body scattering such as a ^ b — c + d, the initial and final 
states are two-particle states. A non-interacting two-particle plane wave 
state with helicities 4: and А can be written as a direct product of two 
one-particle states (Martin and Spearman, 1970; Jacob, 1964). 


lp; 23:22) = [pi А) © [py А). (13.30) 


It is advantageous to go to the centre of momentum (c.m) frame and 
analyse the wave function in terms of centre of mass motion and relative. 
motion in c.m. system. 


[pi Pai М Az) = IP) @ |р; M Аз), (1331) 


where |P) is the state vector denoting the c.m. motion and |p; A, Аз), the 
relative motion of the two-particle system. 

In any physical problem, we are concerned only with the wave function 
denoting the relative motion in c.m. system and our aim is to construct the 
two-particle helicity states of definite total angular momentum. 

To start with, let us consider the relative motion of the two particles 
to be along the z-axis, one particle moving along the positive z-axis and 
the other particle moving with the same momentum p along the negative 
z-axis. Then 


(pi Ar Аз) = |p, 8 = = 0; Ау Аз) = Vp Хдо (13.32) 


where pj, denotes the one-particle state with momentum p along the pos- 
itive z-axis and helicity A, and Ха: as defined in Eq. (13.9), denotes the 
state of the other particle with momentum p along the negative z -axis and 
helicity А2. The resultant helicity A of the two-particle system is 


A= А-А. (13.33) 


The two-particle state vectors |p@¢; А Аз), representing relative mo- 
tion along any arbitrary direction can be generated by a suitable rotation 
R(9,,0). 


|60: А А) = R(ó.0,0)[p00; Ard (13.34) 
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4 
(1 
р sp 
a b 
-4 
4 


Figure 15.2. The two-body scattering in cm. system 


The plane wave state is a sum over all angular momentum eigenstates and 
conversely an angular momentum eigenstate can be obtained by angular 
momentum projection of plane wave state. Using the procedure followed 
in Sec. 13.1, expressions for two-particle plane wave state and angular mo- 
mentum eigenfunctions are obtained. 


[pO bs М Ма) = aus 


2. 1 B 
pjm: MA) = m мло. (1338 


The normalizations of the state vectors іп the two representations are given 
by 


Di.(6,0)pjm:AÀiÀg), (13.35) 


(pe! dl: X X | pA: Ar M) = 06,097) E ёх (13.37) 
ipi m5 AL AZIPA Mi №) = ё бани Saray бым (13.38) 


13.3. Scattering of Particles with Spin 
13.3.1. SCATTERING CROSS SECTION 


Consider a two-body scattering of particles with spin 
atboctd (13.39) 


in the c.m. system as described in Fig. 13.2. The differential cross section 
is given by 


dc. 


7 
&-( y 10405 X X4 T(W) [p005 Aa А), (13.40) 
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where p denotes the relative momentum of the two particles along the z -axis 
in the initial state and д denotes the relative momentum of the scattered 
particles in the final state making an angle $,0 with the incident direction 
in the c.m. frame. The total energy in the c.m. system is denoted by W 
and it is conserved in any reaction. 


W = (p? mie (p? + mii = (4? + mE + mpi. (1341) 
For evaluating the T-matrix, it is transformed to jm representation. 


(0.6; A Aa | TCW) |00; Aa №) = у; (#4: 


Jm jm! 


x( mi Ne Na | TW) jm; Ag А) т; M Ap |00; А, м). (13.42) 


г Аа jm Ae Ад) 


The rotational invariance implies the conservation of angular momentum 
and hence j is a good quantum number. 


(9 m' А Aa | TOV) [jm s Ae Ab) = б» бани (Ac Aa | TR) | МА). (13.43) 
Using Eqs. (13.35), Eq. (13.42) becomes 


06.0.0) 


(90; A Aa | FCW) |00; Aa As} = xE 


jm 


x (Ac Ag (И) [Aa Ag) DZ, (0,0,0), (13.44) 


mA 


with А; = Ag — Ак and Ау = А — Аа. Since 


D; A, (0,0,0) = бал» (13.45) 


we obtain 


2) +1 
(96: Ada | TOV) 00: А) = ДЕ = up aj (96.0) 
j 
X {Acda СИА Aa}. (13.46) 
Denoting the scattering amplitude in the helicity basis by Ji, (0 O), 
the differential cross section becomes 
do 
dü 
From Eqs. (13.40),(13.46) and (13.47), we find 


Prada lh 6) = eS DK, (9,6,0) fi (WO) (13.48) 


= [frcrarare(9, D. (13.47) 
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with. 

Җә) = OE POP IM) (1349) 
For scattering of spinless particles, 


dol ААМ 


ASAp— 9. (13.50) 


D (6.0.0) — Dool, 8.0 


201 
Рел.) > penal 1)Pi(cos 8) f(W) (13.52) 


i 
EC n ) otio nen. (13.51) 


The amplitude (И) (= T(W)/2p) is known as the partial wave scattering 
amplitude for spinless particles. When the particles considered have spin, 
the total angular momentum j is а good quantum number and for cach j, 
there are several scattering amplitudes which depend on helicity states but 
the number of independent amplitudes get reduced by invoking parity and 
time reversal invariance. 

Equations (13.47) and (13.48) are general expressions applicable for 
scattering of particles with arbitrary spin. These formulae are relativisti- 
cally correct and they are applicable equally well to massless particles and 
to particles without spin. It is found that the D-functions that occur for 
particles with spin reduce to Legendre functions for particles without spin. 

Let us now explicitly square the scattering amplitude (13.48) and obtain 
an expression for the differential cross section and total cross section. 


do 


бр = aa DO + 00 +1)Д OA aW) 


iv 
x Dy (50,0) DY (0.0,0), (13.53) 
where Pass denotes the density matrix that describes the initial state. 


Using the symmetry property of the D-functions and using the C.G. series 
(5.48), we obtain 


DE, (68,0) DT, (48,0) 
= (HIDE), (4,8,0) DE, (6,8,0) 


gosse j es А ИЕ? (13.58) 
Lic А 
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Бы) = A si Y 6) = Picos. (1355) 


If the incident and the target particles are not polarized and if the polar- 
ization of the final particles are not observed, we need to sum over A. and 
М and average over 2, and As 


Note that 


de 1 ; E Je 
Os (OSES (OTE x Los * G7 + DREAN д fi 


сыр cuo pe ze cd З : 
хо) a A diss ipo]hee?. 03.50) 


where the summation index (A) stands for helicities А. As A, Ay of all in- 
cident and scattered particles and Re stands for real part of {/ў. f°) } 
In the above formula, the statistical weight (2s + 1) has to be replaced by 


2 for a massless particle. 
Integrating (13.56) over the solid angle, we obtain the total cross section 


41 х 
= Gide 1) 222200 * DU (13.57) 
OF 


using the following relations: 


КО = 1л, (13.58) 
3 Fd _ 
IE: A НС Ee (13.59) 


13.32. INVARIANCE UNDER PARITY AND TIME REVERSAL 


From Eq. (13.56), we find that, for each value of j, there are in total 
Qs, + Ds, + 1)(25. + 1)(25, + 1) helicity amplitudes. Invariance under 
parity and time reversal reduces the number of independent amplitudes. 

The helicity defined by J - changes sign under space inversion. A state 
with helicity A is transformed into a state with helicity —A. If P is the 
parity operator, 


P |j; M А) = тт(-1) 7*7" jmi Aa, X). (13.60) 
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where Na n, denote the intrinsic parities of the two particles with spin s, 
and s. P is a unitary operator and invariance of the S-matrix under parity 
implies that P! SP = S Since 5 = 1 + iT, it follows that P!T? = T. 


(Ac Aq TOF AA). = Oe Ad PET) P [Aas Ao) 
= патта 1) ate 
x (А МИ) | As As). (13.61) 
Under time reversal, both J and p change sign and hence the helicity 
does not change. By applying the time reversal operator Т to the state 
[jm А А), We obtain a new state with the same angular momentum and 


helicities but with an opposite eigenvalue of Л. With the phase conventions 
of Jacob and Wick (1959), 


T |g ms А A) = (CCAY77|j — mi A Ai) (13.62) 


The operator T is antiunitary and hence the invariance under time reversal 
implies 7157 = 5 


OSA) A М) = (m; Ae АА ТУСИР) [imi Aa А) 
= (m А, ТИРУ | jm: Ag Aa) 
= (1) (mi A Aal TITW) |j — mi Aj) 
= (-1y-^G — m Aa AU TW) T [j m; Acda) 
= (j - m; Aa АТИР) — т; Acda) 
= [AA TWAA (13.63) 
This yields the familiar result that under time reversal invariance, the tran- 


sition a + b— c +d is equal to the inverse transition c + d ->a + b. 
For identical particles, we have a further relation. 


(Ae Aal TIW) Aa МА) = (Aw A| TEON) D Aa). (13.64) 


13.3.3. POLARIZATION STUDIES 


Since the polarizations of the particles are considered separately, formulas 
giving polarizations take a simple form in the Helicity Formalism. The 
longitudinal polarization can obviously be introduced by giving different 
weights to the positive and negative helicity amplitudes in Eq. (13.56). 
However, it is the angular distribution of the transverse polarization that 
is more informative. 

Transverse polarization is usually defined by means of the expectation 
value of a transverse component of the spin. The definition of transverse 
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components of spin is somewhat arbitrary in the relativistic case and for a 
massless particle, the transverse component cannot be defined at all. So, in 
what follows, we consider only the transverse polarization of a particle with 
finite mass, for which one can go to the rest frame by Lorentz transforma- 
tion. The helicity remains unchanged in Lorentz transformation and so also 
the density matrix in helicity basis. Using the known non-relativistic form 
for spin matrices, we obtain after simplification that (the reader is referred 
to solved problem 13.1 for derivation) 


(s) = Tr(syp) 
= Mss AG - А + DP? Imlay), (13.65) 
X 


where Im(..) denotes the imaginary part of the quantity within the bracket. 
Using the algebraic form of C.G. coefficient, 


[ston] - aes" 


MUSS 
= i sl (13.66) 


Equation (13.65) can be rewritten as 


ковану ESE 1 i] (13.67) 
; 


We shall consider two specific cases. 1. The incident particle a is trans- 
versely polarized with the polarization (згу). What is the "polarized cross 
section" ie. the part of the cross section do/dQ which is proportional to 
(вау)? 2. The incident and target particles are unpolarized. What is the 
transverse polarization (=) of the outgoing particle c in the reaction? 
Case 1 
If the incident particle a has transverse polarization (s,,), then its spin 
density matrix can be written as (the reader is referred to solved problem 
13.2 for derivation) 


1 
ROUES [zm 1) 


If we restrict our consideration to vector polarization and neglect higher 
order tensor contributions, the density matrix for the initial system is 


Ра (Say)Say t7 | (13.68) 


EET быы] © 013.69) 
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The cross section depends on the density matrix for the final state which is 
evaluated if the scattering amplitude f and the density matrix of the initial 
state p, are known. 

Tr(J pi f!) = Trepi ft) 

Moss UI Pops (13.70) 


XX 


dep, 


where { ftf) can be considered as the density matrix p} corresponding to the 
final state when the incident particles are unpolarized. Using Eq. (13.69) 
for the density matrix for the initial system, the polarized cross section 


(d), that is propotional to (s,,) is obtained from (13.70). 


do 3 
i = (E. Ds 4 Ds(sc EDU 
х Ува) пла Q1 oaa: (13.71) 
x 


Expanding (f! f) cias Da, (Ds, (Рул and substituting the ex- 
pansion (13.48) for the scattering amplitude f, we obtain 


de 3 Я ; 
ie = 5, + s + Dss(sa + pe Merenesen 


HMM 


x Im {D (60,0) DE (56,0) а) 
X (вау), (13.72) 


Equation (13.72) can be simplified by coupling the two D -matrices by using 
C.G. series (5.48). 


DI A (956,0) DET La (5, 9,0) 
= (Cn Di a (0,0,0) Di a, _,(ф,0,0) 


= (pcr j JUL E ELSE 
zo) re TN MER Ld, | Ds 03.73) 


with 


= ды) 
e [HAU + 1È sine Рој]. зла) 


150%.0,0) 
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Using Eq. (13.66), we obtain the matrix element of s,. 


(в) = (баа А) (ва - ai + DY}? 


- arae „| D zi (13.75) 


Substituting Eqs. (13.73) - (13.75) into Eq. (13.72), we obtain the polarized 


cross section arising from the transverse polarization (s,,) of particle a. 


de _ 3 T 
car C Qu Ds ED QT P 
x X: Vest 097 € m (50, 5f, 


A LN 


aay | 3 jL 1 1 
Е Ti TEN SES БҮ | 


х [6 E s xl (L1) 


=) 


in РР; (соз 0). (13.76) 


Саѕе 2 


Let us now consider ће transverse polarization of one final particle, say с, 
when the initial particles are not polarized and when the polarization of 
the other final particle d is not observed. The polarization of particle c of 
spin s. normal to the production plane is 


Тыр) 
y= oe, . 
(sar) To (13.77) 


where Trp, is just the differential cross section do/dQ. So, 
jd 

Er 
Using Eqs. (13.65) and (13.67), we obtain 


Tr (ару). (13.78) 


(om 


Ту (5р) = }У{(%+ AJ — Act DE Im (рул а 
АЗ 


5 ано D| a | 
x Im (оу) (13.79) 
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Since the particles in the initial state are not polarized, the elements of 
the spin density matrix of the final state is given by 


1 
(25, + 1)(2 +1) 


where, for brevity, single helicity quantum number is used to denote a two- 
particle helicity state as shown below. 


м = Os A Ay = Ded: Ау = Oe 1, Aad (13.81) 
Substituting Eq. (13.48) for the helicity amplitudes fy у, fj, о we obtain 


(ua, = Љум Paga (13.80) 


жу +1) р 


(esa, = 2з + 1)(2зъ + 1) 


DI, (9.6.0) DÀ, (4,0,0) 


E (13.82) 


Coupling the two rotation matrices using C.G. series (5.48) and using Eq. 
(13.79), we obtain 


( r4 = ЭОЕ [- 1 +] [xs i z] 


«DD e+ оер А À | 


[OE 


x [ 4y 8 d ] DE. 0) Fay, Ж, (13:83) 
Using the analytical expression for the rotation matrix, 
DE(6, 0,0) = dE (0) = (L(L + 1)) 3 sin 6 Р; (cos), (13.84) 
we finally obtain 


do i 1 ae ded. 
se) у 7 GzrDGstÜ 01+ 9H] | 1 d 


x E Y+ 2+1- DE x al 


Q) XL 
j  L]sm6Pi(cos8) i 
[- 4 1] EE (Ал). nam 


A similar formula may be obtained for (s,.) and may be shown to van- 
ish, as one expects, if the scattering matrix satisfies the symmetry condition 
for parity conservation discussed in Sec. 13.3.2. 
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x 


Figure 13.3. The unprimed coordinate system is the rest frame of y and the primed 
coordinate system is the helicity frame for the decay products o and f. 


134. Two-Body Decay 


Let us now investigate the two-body decay of an unstable resonance or, 
more generally, of a system of definite angular momentum and parity (Lee 
and Yang, 1958; Byers and Fenster, 1963; Jackson, 1965). The observables 
are the intensity and polarization of the angular distributions of the decay 
products. There are two main objectives. 1. One is to obtain information 
on the mechanism of production of a resonance. In this case, it is better 
to work in terms of the density matrix elements themselves since they give 
direct information on the population of the angular momentum substates. 2. 
The other is to determine the spin and parity of the resonance by studying 
various moments of angular distributions. For this, it is often convenient to 
express the density matrix in terms of multipole parameters. 

To be specific, we choose the rest frame of ү with a fixed z axis (quan- 
tization axis) to describe its two-body decay into œ and В (vide Fig. 13.3) 
If p and —pare the momenta of œ and В in this frame, then the state 
vector of the two particles containing the angular and helicity informa- 
tion is denoted by |р ф; А.А) which can be expanded in terms of angular 
momentum eigenstates. 


3 *i., р 
еол) = У ү m Dil 0,0) Limi Аа), 013.86) 
ж 


with 


МЕА (13.87) 
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The amplitude for the decay y —o В from a definite state |jm) of y is 
given by (suppressing the label p hereafter) 


fam(Aods) 


al H [jm) 


DP (6,0, 0) miM Ag| Him). (13.88) 


Since the interaction Hamiltonian Н is a scalar under rotation, its matrix 
element depends on A. and А but not on т. So, let us denote the matrix 
element by H (hu А). 

If the resonant state ү is denoted by the density matrix p, then the 
density matrix p, corresponding to the final state is given by 


(pay = fn Pw! Dui 


2j41 Mt 2 
EON Sus So Di (00,0) Dira (0.0.0) mi Ag] H jm) 
x (jm| p; Uus (m; ЖАУ В уту (13.89) 


with Ар = X, — Mj and Ap = Aa = Ap 
The angular distribution /(0,0) of the decay particles is obtained by 
taking the trace of p, 


(0,6) = Тру 
= E NC »6,0)27,,.(,6,0) 
Kade mt 
XH (Ax, Ав) H” (Aa, Ap (Pimms (13.90) 


with the notation 
A= Aa àgi Ha, Ag) = (m; As Ag| Н |j т). (13.91) 


Separating the terms that depend on т and m' we get 


Y 06.6.0) Dh, (6,0) pem 


= Sy Di n AlO, 0, 0) Dh (5,6, 0) (ен 


И AON oen (13.92) 
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The rotation matrices d(@) are known and hence the angular distribution 
can be obtained in terms of the density matrix of the initial system. The 
normalized angular distribution is given by 


run (13.93) 
It is easy to show that 
[ies - У) OS ADI, (13.94) 
Aude 

since 
[oe 6,0) D). (6,6,0) dQ = mos Boss (13.95) 

and 
tnnt бт = Trp; = (13.96) 


Let us now illustrate the above discussion by considering the decay of 
a spin-l system into two spin-zero particles. For this, there is only one 
helicity matrix element H(0,0) since Au = A = 0. Since j = 1 and А = 0, 
the required d matrix elements are 


1 


diy = ind; diy cosÓ; dijo = —csin£. (13.97) 


Substituting these values of d' matrix elements, the normalized angular 
distribution of the decay particle is obtained in terms of the spin density 
matrix of the parent system. 


I(0,6 3 ae 
etm omes Prop + Est 8 (pra + pisi) 


— sin? @ Ке(е2 ру 1) 


-4/5 sin 20 Rele" po = 6™ pao] (13.98) 


As discussed in Sec. 11.2,the density matrix can be expanded in terms of 
spherical tensor parameters which are also known as multipole parameters. 
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Using Eq. (11.23), the elements of the density matrix can be written as 


DEOR 
(o з) 2% Vm TE Lim!) 
2 +k 
= 25557 rand EAE 
DRE aay m m m 
ai з 
= my 
= yu Б t i jw (13.99) 


The product of two rotation matrices that occur in Eq. (13.90) can be 
simplified using the formula (5.48), familiarly known as the C.G. series. 


iu 6,0) D, (6, 0,0) 
-1y" р (4,0, 0) 02 (6.0,0) 
m-^ j L j N 
=(-1) DE BEEF Wes i ИЕЛ? (13.100) 
The resulting rotation matrix — DL 


мо d, 0, Ојсап have only integer values for 
L and it can be expressed as a spherical harmonic using Eq. (5.76). 


Diol, 8,0) = (13.101) 


Substituting Eqs. (13.99 - 13.101) into Eq. (13.90), we obtain 


10.0) = У Y Y UQLE0)) oy 


Матти L 


TT j L * 
E [а [Ж о 


ху i ae иав. (13.102) 


mu т 
Bm 


Equation (13.102) is simplified by performing first the summation over m 
and then replacing the summation over m' by M. 


ЕК TENET 
LED lEn m | IE: mi 2] 


= HM Ba s, uus (13-103) 
M B 
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Also 


ү МКА Му = Soyer). (13.104) 
L 


Substituting these results in Eq. (13.102) and replacing К and m, by L and 
—M because of the delta functions, we finally obtain 


ж = Y Yes i31] 


dade L 
x |z( Mt yM' (0,9. (13.105) 
a 


Integrating over the solid angle and using the following identities 


foire oem = vär S10 6m, (13.106) 
ОЗ ЕСЕ 04 

is | = 7 (13.107) 

qoo (13.108) 


we retrieve the result (13.94). 


ILE 2E 1H (a, Ag). 


m 


By inspection of Eq. (13.105), it is seen that the statistical tensors (TM) 
are related to the spherical harmonic moments of /(0,0). 


Једва = Zorzal A i] 


dads 
x IO. Aa) I? (TE (13.109) 
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Case 1: Decay into two spinless particles 
In the case of decay into two spinless particles, 


do = M =à =O. 


Equation (13.109) now reduces to 


Ў j 1 
ЩЦ#,д)үр!(0,д)ао ay ЇЙ [+ | 
[reote o Lem 0 0 
x |H(0,0)|? (TI^). (13.110) 
Here j is an integer and L should be even because of the parity C.G. 
coefficient. Since 


[1e = (HOOP, (13.111) 
it follows that the normalized spherical harmonic moments of angular dis- 


tribution is 


JKO 0) ¥M (8,6) dQ _ A ga b 
То, 9) 40 = v 0 0 


Jen (13.112) 


Case 2: Decay into a spin- and a spin-zero particle 


From parity considerations, the two amplitudes (3,0) and Н(—,0) аге 
related. 

H(-3,0) = c H(3,0), (13.113) 
where ¢ = +1. From (13.60), it follows that 

€ = ns ng m (7173. (13.114) 


If parity is conserved in the decay, thene = +1 corresponding to the orbital 
angular momentum (/ = j $4) of the ab system. The conservation of 


parity requires that the product of intrinsic parities тыл. C1). Thus 
determines the intrinsic parity of the y resonance. However 
Hr(-3,0 = (3.0). (13.115) 


Consequently, 


fre 4) a0 = |H(4, 0) + |H(-4,0)? = 218,08, (13116) 
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and the normalized angular distribution is given by 


LTO PVYM(@,@)dQ — Cui. ps i 8l 
DIOE E ax[r]| à -i 0 
21x 
x(rMy [x T (13.117) 


The C.G. coefficient ensures that the spherical harmonic moments with 
L > 2j vanish, and so the observation of a statistically significant non- 
vanishing average value of ҮД! means that the spin of the y resonance is 
at least 2L. 

The distribution of the longitudinal polarization of the spin. 
that comes from the decay is 


particle 


(13.118) 


The denominator 7,(0,9) + I. m d)is just equal to /(0,0). Hence 


B2) 10,9) = 10.6) - 1.10.6) (13.119) 
Using Eq. (13.105), we obtain the helicity distributions. 
| — 
„Ф) = тнк, [e |} л | 
МӨ. д) G0) Leg MOM а 1% 


а i da 


xt - (717) ina. OP. (13.120) 

After normalization, the longitudinal polarization of the angular distribu- 
tion is 

SPA, д) 106,0) Y (6,6) 40 

Wem 

ІЯ Hifi i All my {oe} 
= ES Т ————. (13.121) 

veo 12 р 0 | 

It is observed that the longitudinal polarization yields information about 


odd L multipole parameters while the particle distribution gives informa- 
tion about even L multipole parameters. These studies do not throw any 
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light on the parity of the resonant (parent) state. Only the study of the 
transverse polarization of the decay products gives valuable information on 
the parity of the parent state. 

Since we are considering two-body decay, of which one particle has spin- 
1 and the other spin zero, we need to consider only the transverse polariza- 
tion of the spin-5 particle. The transverse polarization is the expectation 
value of с, or б, operator. Let us illustrate the method by calculating the 
x component of polarization. 


Tr(ospj) 
= (0) = ЕЁ. 13.122 
Ps = (0.) Tp; ‹ ) 
Equivalently, 

P, 1(#,ф) = Tr(osp;) (13.123) 


To evaluate Tr (6.p;) we proceed in steps. First let us show that Tr (с.р) 
is just the real part of the spin density matrix element (о), i 


Ti(espp) = Triler +0-)ру) 


i [Eesti * Уел) 


AM AM 
E валий +} Флуд ves] 
AM Mw 


В [Eos * Deore} 
х 5 
PE (одла Graal 
E 


Re Srp avr (13.124) 
X 


" 


The last step is obtained by invoking the Hermitian property of the density 
matrix. For the spin-4 particle, ће helicity can assume only two values +5 
and —4 and hence À in the above expression can take only one value i 
Hence we obtain a simple result that 


Tr (oz pf) = Re (Pf)} -1 (13.125) 
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Using Eq. (13.69), we obtain (suppressing for the present the Euler angles 
of rotation ($6.0) in the rotation matrix) 


Tr(ezpr) 


wey tbr nb, d ,0) HC 1,0)" (0 s 


ü 


2iT1 wok 
Re Sy (nym bt, Diy EG OP (ne 


|e 


mm’ L 


L 2 
-1 | Diii e| HOS) (рул. (13.126) 


The above result is obtained using the C.G. series for the coupling of the 
rotation matrices and the relation between the helicity amplitudes, viz., 
H(-1,0) = c H(1,0) Expressing the density matrix of the initial resonant 
state in terms of the multipole parameters as given in Eq. (13.99), 


1 рее e 
(ean gre ГУ) PEE 


it will be convenient to separate the terms that depend upon m and m' and 
perform the summation over m and replace the summation over m' by M. 


satel E A UNS EUST 
Sey [5 m Е mie zu 


mn! 


= (0-0-1 oily 1)™ бра вм (13.127) 
M 


Substituting the above result, we get after simplification 
5 uR j- Je E 
(8,9) = Iz(ez pj) = веат -1y-3(-1) IT 
Dh i.) (TIMY ери, ор. (13.128) 
In a similar way, one can calculate the transverse polarization P,. 


P, 1(0,6) = Tr (0, py) = grs ~o-) py}. (13.129) 
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Following the same procedure as before, we can show that 
Р,109,$) = іт (әлі 


Gu ЖЕКЕЧЕ; 
= к 1y7*(-1) Е | 


x Di, (060) (Т; Му EROP. — (13.130) 


ыны. 


Thus the study of the transverse polarization, which depends on e, will 
yield the parity of the resonant state. 

Hitherto, we have considered only the parity conserving two-body decay. 
For parity non-conserving weak decay such as the decay of hyperons, only 
small modifications are necessary. The interaction Hamiltonian, in this case, 
is a sum of two terms, one scalar H. and the other pseudoscalar H.. 


H= HH, (13.131) 
Under parity operation, 
POHP-H; POHPz--H. (13.132) 
This means that the matrix element is a sum of two terms, 
Н (Ла, Аа) + Hol ro, Ав)» (13.133) 
where H, and H, obeys the following relations: 
НАА, Ав) = genu (LP (13.134) 
НА, Ав) = —nemsm(-1y tte. (13.135) 


To be specific, let us consider а weak decay of а hyperon into a baryon 
of spin- and a meson of spin zero. The various distributions involve the 
following combinations of £f, (1,0) and H,(2,0) 


[73,07 [m G. op 
_ 2Im (H.(2,0) H2(2,0)) 
ets Гера ачу яро (13.136) 
102.002 + 1205.0) 


а= 


It is easy to observe that а: + b + c? = 1. The various changes that oc- 
cur in our earlier study of parity conserving two-body decay can easily 
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be determined and we only quote the final results for normalized angu- 
lar distribution and the longitudinal polarization. Equations (13.117) and 
(13.121) get modified to yield 


SIO HYPO, д) йй SrL Ly ups 
DIY Ke UT 0 | e 
x {4 Us tmp (13.137) 
SPAO. ф) 0,0) YM(9. Ф) dà = ib wea 
1709.9) 49 Е СЕП] | 1-0 ] (p^ 
+ 


s [E е. (13.138) 


The reader may note the interchange of the roles played by even and odd 
L in the above equations. 

For the relativistic treatment of angular momentum states for three- 
body system and for the three-body decay, the reader is referred to Wick 
(1962) and Berman and lacob (1965). 


13.5. Muon Capture 


We shall now apply the helicity formalism to discuss the capture of muon 
by spin-zero target nucleus, 


n^ A = 0) > BU > 1) + vu (13.139) 


and investipate the asymmetry in the angular distribution of the recoil 
nucleus B and its polarization. 

The usual source of muon is from л decay and it is polarized in the 
direction of its flight. When it is incident on a target, it is slowed down and 
caught in Bohr orbits. It cascades down to lower orbits emitting X-rays 
known as muonic X-rays and ultimately reaches the 1s orbit before it is 
captured by the nucleus through weak interaction. It is observed that de- 
polarization takes place during the process of slowing down and cascading, 
but yet there is а residual polarization of order 15 to 20% in the 15 orbit 
at the time of capture by spin zero nucleus. 

The muon polarization which coincides with the direction of incident 
muon is assumed as the z-axis of the rest frame of the initial system as 
shown in Fig. 13.4. This corresponds in the final state, to the centre of 
momentum system, with the recoil momentum p = -v, making an angle 
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Figure 13.4. Тһе muon polarization is along the z-axis of the rest frame of the 
muon-nucleon system and the momentum of the recoiling nucleus is along the z-axis 
of the rotating frame which is otherwise called the helicity frame. 


6,0 with the z-axis. For describing this process, we have two frames of 
reference, one is the fixed frame of reference with z-axis in the direction 
of muon polarization and the other, the rotating frame of reference with 
z'-axis coinciding with the direction of recoiling nucleus. The latter frame 
of reference is obtained from the former by rotation through Euler angles 
(9,8,0) 

Since the target nucleus is of zero spin, the total angular momentum 
of the initial system (u- + A) is 4 and is described by the state vector 
|2 m). The final state is the recoiling nucleus В with spin j; and helicity 
If, and the muon neutrino v, with spin-i and helicity —:, Expanding the 
final state in terms of definite angular momentum following Eq. (13.35), 


=E yay eno). (03140 
iM 
the transition amplitude can be obtained in the helicity basis. 
fam = бА CEU m) 
= Ey ровом, (13.41) 
3M 


Since H is a scalar under rotation, j = 1 and М = m, there can be only 
two partial wave helicity amplitudes (2 М; Ау. - 1H |2 т) corresponding to 
the total angular momentum 2, These partial wave helicity amplitudes will 
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hereafter be represented by А, where A = A, + = tj. Thus, 


T P$ 
Же = ү a; Pinal? 6,0) Hs. (13.142) 


The elements of the density matrix for the final system is given by 


(оу) = УА Gsm! Berets (13.143) 


where p, denotes the density matrix for the initial system which is taken 
to be in the diagonal form in the rest frame. 


pis i1 e Py) = 10 2s: P), (13.144) 


where с denotes the Pauli spin operator, s the spin of the muon and P, 
the polarization of the muon which is in the z direction. Substituting the 
eigenvalue of s. in the density matrix of the initial state, 


(pre = 135 fam 02m P) Kins (13.145) 


Using Eq. (13.142) and the explicit form of DŻ rotation matrices, we obtain 
the following results: 


Y bs 5 


5 ЭЭС Ф,0,0) ур? .(4,6,0) Hs Hy 


= ELGO daO) Hy 
= ЕИ TED 


SAmm fim = b NUN $,0,0) ) m DÈ (0,0,0) Hy Н}, 


m 


E р АІ? овд s My HT; адбу уы 


-HaH sind bw}. (13.147) 


Consolidating the above results, we obtain the angular distribution of the 
recoil nucleus /(0,6). 


1 TENET 
I(8.à) = Tr py = a Un п э УСАНА Р, соб. (13.148) 
x B 
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Writing it in a more compact form, 
1 


10,9) = zz AO), (13.149) 
with 
PSS IMP, A@=1t+aP, cose, (13.150) 
E 

we find the asymmetry coefficient of the recoil angular distribution to be 

Yun 
2248 M. (13.151) 

EHE 


The quantity Г represents the capture rate. 
The longitudinal polarization of the recoil nucleus is 


ac Tr(J -p)pr 
Тгру 
(GO put», 
Baw (J phaw (Praa daio 
Da Gaa 
Since 
GI phy = yy = Qo os (13.153) 
the longitudinal polarization becomes 
BA- plera 
BS sy 20 (13.154) 
Dy (өр) 
In the absence of muon polarization (Р, = 0), 
А-0 a 1 
pp = О-Н a 1 13.155 
SENS ETE d 
Thus we arrive at a well known relation for the observables in muon capture. 
а-2Р0 = (13.156) 


Since the muon capture process is completely described by two helicity am- 
plitudes Яу and H j,all the observables in muon capture can be expressed 
in terms of these amplitudes and their relative phase. Hence it follows that 
there cannot be more than three independent observables in muon capture. 
For further details of helicity formalism as applied to muon capture, the 
reader is referred to Bernabeu (1975) and Subramanian et al. (1976, 1979). 
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Review Questions 

13.1 (a) Write down the non-interacting two-particle wave function in 
terms of the plane wave helicity basis and the angular momentum 
basis and obtain the transformation from one basis to the other. 

(b) Discuss the advantages of using the helicity formalism for the study 
of two-particle scattering and obtain expressions for the angular dis- 
tributions and polarization of the scattered particles. 

13.2 (a) Consider the two-body decay of a resonant state and deduce an 
expression for the angular distribution of the decay products in terms of 
the decay products in terms of the statistical parameters (77) defining 
the initial system. Also find the spherical harmonic moments of the 
angular distribution. 

(b) Apply the above consideration to the decay of a resonant state into 
(i) two spinless particles and (ii) one spin- and the other spin-zero 
particle. 

13.3 Discuss how is it possible to determine the spin and parity of a res- 
onant state by observing the angular distributions and polarization of 
the decay products. Restrict your considerations to the decay into two 
particles. 

13.4 Consider muon capture by a spin-zero target nucleus and show that 
the asymmetry in the angular distribution of the final nucleus with re- 
spect to the polarization vector of the initial muon is related to longitu- 
dinal polarization of the final nucleus by a simple relation e —2P? = 1 
where œ denotes the asymmetry coefficient and Pf denotes the longi- 
tudinal polarization of the final nucleus for muon polarization zero. 


Problems 
13.1 If a particle with spin j has transverse polarization, show that 


4) = (EX - AFH Regius 


(А) = ОАА) Imari. 
13.2 A particle with spin s is transversally polarized. If the transverse 
polarization is denoted by (s,), then show that its spin density matrix 
is given by 


$ 3 
ртт - x5 ges) : 


Show that the density matrix reduces to the familiar formula 


p-iüco-P) 


for the spin-4 particle with vector polarization P. 
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13.3 Discuss the pion-nucleon and nucleon-nucleon scattering using the he- 
licity formalism and enumerate the number of independent scattering 
amplitudes in each case. 

13.4 Discuss the following decays 


(а) У"(1385 MeV) > Az, 
(b) Z"(1830MeV) — Ez, 


and explain how you will determine the spin and parity of the parent 
systems. (These are parity conserving decays through strong interac- 


tion. The spin ofthe hyperons A and E is 2 and the spin of z is zero.) 


Solutions to Selected Problems 


13.1 The transverse polarization of a particle with spin is the expectation 
value of the operators J, and J, 


1 


(л) = Tep) = SIUS + 1) 0} 


= 5 Xue Xuan] 


XN My 


кюе 


DE GEN + OY Gora 


AM 


XM 


+ DAG X -A+ DH ca (ө) a) 
= УО А-А DH oha + Pha): 
x 


Since p is a Hermitian matrix, it follows that 


(Je) = У {0 + NG - А) + 1} Re (Pyare 
x 


Since Jy = à 


J4 — J~). it can be shown in a similar manner that 


Up = MG AG А+ DH Im (bci 
3 


THE HELICITY FORMALISM 197 


13.2 Retaining only the first order term and neglecting higher order tensor 
orientations, the density matrix can be written as 


І "s 
p= zgi 0t MT), 


where the tensor operator Tj is normalized such that 


Te(TE Т) = Qs + 1) Sayre 


The normalized Т operator is 


TH = 
81 


Substituting it in the expression for p, we get 


1 3 "e 
"eid (gys) 


particle, the density matrix reduces to 


For spin- 


л = 3(1+45"{s")) 
(1+ e* (0*)) 
io. Р) 


13.3 For each partial wave scattering amplitude, the number of helicity 
amplitudes is Qs, + 1)(2s, + Ds. + 1)(25, ^ 1). But by the applica- 
tion of invariance and symmetry principles, the number of independent 
amplitudes is considerably reduced. 

For pion-nucleon scattering, the number of helicity amplitudes is 4, 
since the pion spin is zero and the nucleon spin is 2. Explicitly, the 


amplitudes are 


G) (0, 1200, 5 
(й) (0, —i[T]0. 


Gi) (0, 21740, 
Gv) (0, Ar, 


a 


By application of parity conservation, the helicity amplitudes (i) and 
(iv) are equal and (ii) and (iii) are equal. The application of time 
reversal invariance implies that amplitudes (ii) and (iii) are equal and 
so it does not give any new relation. Hence the number of independent 
amplitudes required for describing the pion-nucleon scattering is only 
two. 
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For describing the nucleon-nucleon scattering, the total number of he- 
licity amplitudes required is 16, since the nucleon has spin-}. The par- 
ity invariance reduces the number of independent helicity amplitudes 
from 16 to 8 and the time reversal invariance reduces further the num- 
ber of independent helicity amplitudes from 8 to 6. By invoking the 
relation for the identical particles, the number is further reduced to 5. 
The five independent partial wave helicity amplitudes are given below 
in a matrix form. 


t+ [+-|-+|-- 
HALAL ALR 


The rows and columns denote the helicity states of the final and initial 
systems, using for brevity + for +} and - for —} helicity states. For 


instance, in the table, ff denotes the helicity amplitude 


T 
А-ат 
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THE SPIN STATES OF DIRAC PARTICLES 


14.1. The Dirac Equation 


Starting with the relativistic equation for the energy-momentum of a par- 
ticle 


E = pe? + т?с, (14.1) 


we obtain the Dirac Hamiltonian (Schiff, 1968; Ramakrishnan, 1962) for a 
free particle by linearizing the energy-momentum relation. 


Н = са :р+ mc, (14.2) 


where œ and B, known as Dirac matrices, obey the following conditions 


о = о? mgl, 
aiaj R sh ijecgnzr) (14.3) 
Boy + oig = (say. 


so that the relation (14.1) is satisfied. In Eq. (14.3), / denotes the unit 
matrix and €, о, 0. and В are 4 х 4 matrices which can be conveniently 
written in the 2 x 2 form using the Pauli matrices’. 


[0c LAME ow 
Е alk = eo (14.4) 
Using natural units (fi = 1), the Dirac equation can be written as 
la- p+ Вт)р = Еф (14.5) 


Writing it in a more simplified form Аў = 0, a non-trivial solution for к 
can be obtained by imposing the condition, det 4 — 0. 


m-E ор 


oip -mep |2 059 


det A = det (а + p+ 8m — Е) = 


"The transition from Pauli to Dirac matrices is investigated by Ramakrishnan (1967a, 
1967b, 1972) in a series of papers known as the L-matrix theory by developing a grammar 
of anti-commuting matrices and extending the formalism to a more general @ commuta- 
tion relations involving the roots of unity. 
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This leads to the relativistic relation E? = p: + m, ie, the Eq. (14.1) 
in natural units. This guarantees that the Dirac equation satisfies the rela- 
tivistic relation (14.1) and it is the linearized form of the relativistic energy— 
momentum relation in operator formalism. It follows that the Dirac Hamil- 
tonian has two eigenvalues +E. 

Since the Dirac Hamiltonian has two eigenvalues +E and -E with 
E = (p? + m2)#, we need to find the eigenfunctions corresponding to these 
two eigenvalues. The Dirac Hamiltonian is a 4 x 4 matrix and consequently 
the eigenfunction is a four-component column vector. It is found more con- 


j u 
venient to write the solution in the two-component form $ = | е | and 


write the Dirac Eq. (14.5) using the Pauli matrices. 


[e ПІ (147) 


This leads to two coupled equations, from which the ratio v/u can be de- 
termined. 


nct 
мао ро Ещ Сы (14.8) 
u ep 
Ер Ua У 
o:pu-mo= Ev с=т (14.9) 


Since the Dirac equation gives only, the ratio, one is free to choose either и 
or v as y+ = all or y- = 0 ‚ Choosing и = Ж in Eq. (14.9) and 


v = z+ in Eq. (14.8), we obtain two sets of solutions for positive energy 
states. 


Set 1 Set II 
xe и = | Exe | 
Fe. Test. 
D | 92у | м | ге (14.10) 


& 
I 


a x- | pem ] 
o alee 
Sex x- 

The first set is the conventional one and the second set is identical with the 
negative energy solutions if E is taken as negative. For positive energy, the 
second set becomes indeterminate in the limit E — m when p — 0. 

In a similar way, we can find the solution for the negative energy states 
of the Dirac equation. 


[xem cem 
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which, in turn, leads to the following two coupled equations: 


u sp 


ти+фос•ро= –|Е|и; (14.12) 


с :ри- то= -|E|v; (14.13) 


PI 


These coupled equations, in a similar way, give two sets of solutions for the 
negative energy states. 


Set T Sen 
Es xe 

a [Ere X4 А 

ia he ч 

E | xe | s | - 80+ (14.14) 


o'p 
thy =| ЇЁ+тХ- 
X- 


х 
| - ae | 


For negative energy states, the first set of solutions is to be taken, the 
second set becoming indeterminate in the limit !F] >m as p —0. 


142. Orthogonal and Closure Properties 


It can be easily verified that the solutions, 41, 62. is, t. of Dirac equation 
given in Eqs. (14.10) and (14.14) are orthogonal but they are not normal- 
ized. Using the conventional normalization as in non-relativistic quantum. 
mechanics, we have 


D (14.15) 


which yields a normalization factor 


(14.16) 


The solutions given in Eqs. (14.10) and (14.14) should be multiplied by N 
to obtain normalized solutions for the positive and negative energy states. 
It may, however, be noted that E = |E] for positive energy solutions and 
E = —|Е| for negative energy solutions. The normalized solutions of the 
Dirac equation are 
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da c JERR|QX 
x 2E qa Xi 
- eemi [Ee] am 
„ _ Дает 7 
MSS ү 2ГЕ] x 
= {EE + m))7* | (Blt m) ga | " (14.18) 


Above, each element of a column vector is itself a two-component column 
vector. For instance, 


с-рхф = (дере + Fy Py + б, р.)х+ 


= | Ee dell po |. (14.19) 
Ped, р 0 Br + іру 


Similarly, 
а-рҳ_ = [ Boy | r (14.20) 


Using the above results, we can write down the normalized solutions of the 
Dirac equation in the four-component form. 


E+m 0 
D 
ENG А. ел E 
Я у 
ір -=P 
GU ED n А (1421) 
=P: —(р= = ipy) 
—(р= + ipy) Pz 
EV 
Tas Eon 0 i 
0 JEļ+m 


with No = (2| (| + m)} 8. 
The x functions obey the following orthonormal and closure properties: 


(1422) 
(1423) 


Фах) = x , 
УЛ = хх = 1, 
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The normalized x functions, in a similar way, obey the orthonormality 
condition and satisfy the closure relation. 


(Ghé) = М =» i,j =1,2,3,4. (1424) 
4 4 
Ya = Ууз] = 1 (14.25) 
= P 


Instead of summing over all the four states in Eq. (14.25), a partial sum 
can be made either over positive energy states or negative energy states to 
yield (refer solved problems (14.1) and (14.2) for derivation) 


2 Ў 
ш = Ун = 1 
= 


i 
Ул = ;( tug. (1427) 
es = 


(14.26) 


Summing Eqs. (14.26) and (14.27), we obtain once again Eq. (14.25). The 
1+ рин in Eqs. (14.26) and (14.27) are sometimes re- 


ferred to as projection operators for positive and negative energy states 
(Rose, 1961) since 


operators 


1 a-p+ 3m са yx 
- (1+ ) w= { o (1428) 
1 a-ptfm\ — [o 
E e m imd | Wis «ш 


14.3. Sum Over Spin States 


We are now in a position to treat the scattering of Dirac particles when the 
spins of both the incident and scattered particles are not observed. To be 
specific, we shall consider the Coulomb scattering of electrons by a nucleus 
of charge ze but the formalism given below is sufficiently general and is 
applicable to any problem since each problem differs from the rest only in 
the choice of transition operator О, 

The transition matrix element 7, is given by 


Ти = (фу Оз), (14.30) 


where фу = ГА g0 and y, = В. The square of ће matrix element is obtained 
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by summing over the final spin states and averaging over the initial spin 
states. 


1 " = 
Ш? = IPO OnE Og 
if 


T 
= g ÈVO Озо), (1431) 
ы 


where the summation indices i, f are over the two spin states denoted by 
d, and 42, corresponding to positive energy states only. Using the algebra 
of matrix multiplication) 


ЗУ) У (9), О) WHD Ortha} 


BESTRY 


= 3X) E роо) tw (Ono) 


d pA 


Iri 


Tm 7 
= 5 У Oa (в) (Ото) Có 


df ор 


= i 35 (200), (А) (Otora (A poss 


т 
= gros 0 A, Of ло Ау). (14.32) 


In the above equation, A, and A, are the projection operators obtained 
after summing over the two spin states corresponding to the positive energy 


state. 
1f, ep tom 
= i (7+ emi, (14.33) 
“pp +B 
Kp HO mere. (14.34) 


For Coulomb scattering of electrons on nuclei of charge ze, the relevant 
transition operator is 


о 6 ло, (14.35) 


where q? = (p, - р.) is the three-momentum transfer. Substituting © in 
Eq. (14.32) and remembering that у= 1, we obtain 


1 {4тге?\? 
[г = 3( ra ) Tr (A; Aj). (14.36) 
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Substituting expressions (14.33) and (14.34) for the projection operators 
A, and A, we get 


TAA; = Tr {(® +a - p; m) Eg + «+ pj + Bm)} 


1 E 


E D tapa py) 


= Tas Tr(E;Ey +m? + pi ру) 


[ Р 
= (4EEy + Am? + &pi - pj). (14.37) 
EE, 


In deriving Eq. (14.37), the following relations were utilized. 


Tig —0; Та, = Troy = Tre, = 0; 
А E ; (14.38) 
Tr8ia-p)=Tr(a+p)B=0; Tria: pa: pj) = 4p;-pr- 
For elastic scattering, E, = E, and (ру = [ре in c.m. frame. If Ө is the 
scattering angle, 
ЧАА = gom + 4p? cos 8) 
= (а? + ACE? — p?) + dp? cos 8) 
- pr + 4p (cos — 1)) 
P Oo? 
= 2 ( EL 
= 2 ( = v! gin? *) x (14.39) 


where v — p/E is the velocity of the electron. The matrix element square 
now becomes 


Arze? V? 
Ira = ( 2 ) ( = (14.40) 
with q? = (p, - р.) = Ap'sim (0/2), 
The scattering cross section is given by 
unc ET (1441) 
" 
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where p, is the density of final states. 


— du _ dip, dd — p,E,dO 
PI = дк,” Стра; 7 QxpBdE; (F 


(14.42) 


Substituting the density of final states, we obtain the differential cross 
section after simplification. 


ET 
* - PW d = v^ sin (1443) 
144. In Feynman's Notation 
Multiply the Dirac equation (14.5) by В from the left 
(Ва -p+ т)у = BEv. (14.44) 
Introducing ү matrices 
y= pa, (1445) 


we can rewrite the Dirac equation after rearrangement in the form 
jm, P$ =юЁЕ-т.р. (14.46) 
Writing the characteristic equation for the matrix ў, 


E-A -o-p 
osp -E-A 


0, (1447) 


one finds the eigenvalues of the matrix jj. 
A = Е? р? = т; А= +т. (14.48) 


This leads to two equations, one for ‘positive eigenvalue’ state and the other 
for ‘negative eigenvalue’ state. 


P, = mdy (14.49) 
Ps = mds, (14.50) 


where i» and W, denote the positive and negative eigenvalue states. The 
equation for is, is obtained by reversing the sign of energy and momentum 
so that ў is changed into—p The state i», which represents the negative 
energy electron with momentum -pis to be associated with the state of a 
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positron with positive energy and momentum +p, according to the Dirac 
hole theory. 

Earlier, we have normalized jj to 1 but this normalization is not 
relativistically invariant. Since ty (which is the fourth component of a 
four-vector current) transforms as the fourth component of a four-vector, 
it is possible to make a relativistically invariant normalization by setting 
it equal to the fourth component of a suitable four-vector, say, energy- 
momentum four-vector. Feynman (1962) has chosen the normalization? 


vle = 2E or equivalently фф = 2m, (14.51) 


for positive eigenvalue solutions. The normalized solutions 4y are 
p ves AES | (14.52) 
b = VE us $ 
Tx. 


It сап be easily verified that 
E dep =p +т. (14.53) 
Em 
The normalized negative eigenvalue solutions are 
78 


=(Е+ т)? | toe | " (14.54) 
(+ 


the normalization being 
Onn = -2m. (14,55j 


It can be easily verified by matrix multiplication that 


Уф. zm. (14.56) 
i 
It can be verified that 
Уф Фай.) = 2ml. (14.57) 
= 


:Schweber et al. (1956) choose a slightly different normalization jy = 1 and фф = 
—l such that 


Уб бн) =4 and Y ds н) = T. 
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The operators j m and # —m are the projection operators for the positive 
and negative eigenvalue states. 


(jtm) = 2mp 

W tm, = 0, 

@ -т}ь = 0, аз) 
(P - ms -2mbs. 


It may be observed that the positive energy spinors of Dirac coincide 
with the positive eigenvalue spinors of Feynman, except for normalization 
factor, whereas the negative energy spinors of Dirac differ from the negative 
eigenvalue spinors of Feynman with respect to the sign of the momentum 
vector p. The source of this discrepancy can easily be traced. The negative 
energy solutions of the Dirac equation are obtained by changing the sign of 
energy alone and not momentum, whereas in Feynman's negative eigenvalue 
equation, the signs of both energy and momentum are reversed. An electron 
with energy —|£| and momentum —pis equivalent to a positron with energy 
|E|and momentum p. 

Let us now reconsider the problem of summing over spin states using 
Feynman's notation. The square of the matrix element (14.31) can be eval- 
uated using Feynman’s projection operator for positive energy states. 


oe 
5 Уо) ои)! 
if 

ter е 
= 2 2 5,09) HONS) 


Pu 2 
= 5) 0700) 6 O wer) 
7 


ices 
= 50900 
if 


Wy 


LS (14.59) 


where 37., denotes the summation over the positive energy spin states of 


the incident and scattered particle and © stands for 
б = Ol. (14.60) 


Replacing У), iiy, by (ў; +m) which is the projection operator for positive 
energy states, we obtain 


ieee я 
[Т = 500008: + móvn. (14.61) 
f 
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Using the algebra of matrix multiplication, we get 
E 1 a 5 
ир = aD, YS GOV + meu Gh 
ПЕТЯ 
i AR e^ 
= 332 M) (О) + т) (б) уу) 
f РА 
1 x 
= gg (04 +m) OU; + т)). (14.62) 
The transition probability per unit time is given by Fermi’s golden rule 
Transition rate = 2z (ILN) ! [Tri] py, (14.63) 


where TIN denotes the normalization factor 2E for each of the initial and 
final particles and p, is the density of states for the final particle. The cross 
section is the transition rate per unit incident flux. 


14.5. A Consistency Check 


We have deduced two different expressions (14.32) and (14.62), for the 
square of the transition amplitude {7;,|?,one using the Dirac matrices and 
the other using Feynman's notation. They must be equivalent. To show 
this, let us start with the projection operator A for positive energy states. 


mu apt Bm 
a e 
1 
== «p+ 8m). 14.64 
5 riz +=+р+8т) ( ) 
Multiply by В = Z from the right to obtain 


gg (PE а «pb mà 


T 
усаа 
= gE- pa prms 
= gp mi. (14.65) 
Substituting the expression (14.65) for A, into Eq. (14.32) and remembering 
that B =y» and Tr(ABC) = Tr(BCA), we get 
1 
hes ma €— 
gu = zx, (00 m 00! yl, + m)r0) 


Tr (eG +) + m)) я (14.66) 
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This is identical with Eq. (14.62) except for the additional factor 1/(4E,E,) 
which we include, in Feynman’s formalism, as normalization factor (ILN)*, 
as indicated in Eq. (14.63). 


14.6. Algebra of y Matrices 


The square of the transition matrix element given by Eq. (14.62) involves 
the trace of a product of y matrices. So, it will be fruitful to study the 
algebra of y matrices (Feynman, 1962; Ramakrishnan, 1962) for evaluating 
1772. The y matrices obey the following relations: 


EXPE CIS 
T sao = 0, (14.67) 
ay t Wie = 0, Ye oy m 0, 77 + Tete 


Using a unified notation, Eq. (14.67) can be written as 
YuYu + WI = uv, (14.68) 


where g, is a metric defined by 


(14.69) 


-h PRSNI 


Besides, the matrix ү, is Hermitian whereas the matrices Y., y, ү. are anti- 
Hermitian. 


har: asm kia (14.70) 
It is convenient to define a matrix ү; which occurs frequently. 


Оет 
% = ewe ci | А d (14.71) 


It is easy to verify that 


as V=]; It WIS (14.72) 


Following Feynman, we can define d as follows: 


# = doo — 427: ~ ау}, — dis (14.73) 
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It can be shown that 


[2 Үз; (14.74) 
@ = +246 (ава) (14.75) 
Yaffe = + are (14.76) 
Wha = ~; (14.77) 
пий = 4a-b; (14.78) 
yt bn = -Yp (14.79) 


It is important to recall the elementary properties of traces, 


Tr (АВС) = Tr (BCA) = Tr (CAB), 


(14.80) 
Tr(A4 B) = Tr A4 Tr B, 


for evaluating the traces involving a product of y matrices. It is known that 
the trace of a 'y matrix is zero. 


Trj,=0 (н=0,2,0,2). (14.81) 


Also the trace of an odd number of y matrices vanishes. To prove this, we 
start with the relation (14.72) which is equivalent to 


qeu) = -7s (14.82) 


It follows that 


вт Yaa os 18) = CH maa Ts (14.83) 


Taking the trace of both sides of Eq. (14.83) and using the elementary 
property of the trace that Tr (ABC) = Tr (BCA), we obtain immediately 
that 


(=D I Yin Vun) = Teun т). (14.84) 


Equation (14.84) implies that the the trace of an odd number of gamma 
matrices vanishes. 

If n is even, it is always possible to reduce it to m - 2 factors. For 
example, 


Trt) = Tre) 
= #1 (ул + Yueh since Tr(AB)=Tr(BA) 
= gw Tel, using Eq. (14.68) 
FUR (14.85) 
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In a similar way, it can be shown that 


Tr (yir m) = Marge = А®хуйри + А9лобни- (14.86) 


The following traces which occur frequently are given. 


Tr(d)) = ОТР Bf) = Tr(a b) - лас, 
Tr(df) = 0. 
We shall illustrate the foregoing discussion by evaluating the trace in 


Eq. (14.62). The relevant operator for Coulomb scattering of an electron 
by a nucleus of charge ze is 


(14.87) 


Arze? 
O= 7 


Yo. (14.88) 


Substituting the operator C in Eq. (14.62), we obtain 


1 {4хге?\? 
:( 1 ) Tc (лей, +m) vol; + т)), (14.89) 


where у = ү, - ү + р. Since the trace of a product of an odd number of y 
matrices vanishes, 


Tr (08,708; +m?) 

Tr ((-вло + Елый + т?) 

= т (=й, +2Ебойу + m?) 

= —4pi- py +BE;Ep+4m?. (14.90) 


Tr (ox my, + m) 


" 


Equations (14.85) and (14.87) have been used in deducing the last step 
in the above equation. Expanding the scalar product of the four-vectors 
poc p = EE, - р, + p, and rearranging, we get 


Tr (nts. ny. + п) = 48;Е; + 4рару соз  Am?, (14.91) 
where Ө denotes the angle of scattering. Equation (14.91) is the same as 


Eq. (14.37), deduced earlier except for a factor that is accounted in Feyn- 
man's formulation as the normalization factor as indicated in Eq. (14.63). 
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Review Questions 


14.1 Write down the Dirac equation for a free particle and obtain its so- 
lutions. How many solutions are there and how are they interpreted? 
Discuss the orthogonal and closure properties of such solutions. 

14.2 Obtain the projection operators for the positive and negative energy 
states of the Dirac Hamiltonian. How are they constructed and why 
are they called projection operators? 

14.3 Obtain the Dirac equation in Feynman's notation and obtain its so- 
lution. Show that the negative eigenvalue solutions of Feynman differ 
from the negative energy solutions of Dirac. How will you account for 
this discrepancy? 

14.4 In the case of scattering of Dirac particle, find the transition rate 
if the initial and the final spin states are not observed. Assume the 
transition operator to be 0 

14.5 In the case of Coulomb scattering of electron by a nucleus, deduce an 
expression for the cross section. 


Problems 


14.1 Given the positive energy solutions i and 3, of free particle Dirac 
equation, find S>,_, уф} and show that it can be considered as the 
projection operator for positive energy solutions. 

14.2 Given the negative energy solutions фз and i, of free particle Dirac 
equation, find 37, ., V:i] and show that it can be considered as the 
projection operator for negative energy solutions. 

14.3 Using the algebra of ү matrices, deduce Eqs. (14.73) - (14.78) in Feyn- 
man’s notation. 

14.4 Given the transition operator O= y+ A, where A is a vector but 
not an operator, calculate the square of the matrix element for the 
transition of an electron if the initial and final spin states are not 
observed. 

14.5 Given the transition operator © = YJ, where J, is a four-vector 
current, calculate the square of the matrix element for the transition 
of a Dirac particle if the initial and final spin states are not observed. 


Solutions to Selected Problems 


14.1 Using normalized wave functions s» and Ф, for positive energy Dirac 
particle as given іп Eq. (14.17), the normalization being jj. у, 
Ibs = б 
we find 
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Утай = È | 


12 


[5 gee] 


1, 


E4m o-p 
ccp ж | 


Since p: = E: т, it follows that p'/(E*m) = E -m. The resulting 
matrix can be written in terms of the Dirac matrices. 


Ac Y wd] = 


ita 


EI £ m4 ap) 


A. is called the projection operator for positive energy states since 
ba i21à 
Ai = 0, i23, 


14.2 The normalized wave functions 4j and 44, corresponding to the neg- 
ative energy eigenstates are given in Eq. (14.18). Use them and follow 
the same procedure as in Problem (14.1). Only the final result is given. 


1 
gig lel! наср) 


mae apt sm 
=. 


A. is called the projection operator for negative energy states since 


0. 
ЖАЫ 
{ vis 


14.4 From Eq. (14.62), we have 


Ti 
4 


irap = i (00 «6g; +m}, 


where 


О = Оо. 
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The transition operator ©, in the present case is ү. A. Substituting 


it, we shall write down the product of operators {...}. 


{ 


Ak (900), + m) лот} Ajo (ру) + m) 
= WA YulPie + т)лгА] (лору) + m) 


We have used above the relationsy! = —y, wy, = Wy and 44-1. 
Since the trace of a product of odd number of y matrices is zero, 


Te feb = Tem АКАТ) (рг) + eA Ap m}. 


The indices k and / denote the components of a three vector and the 
indices ц and v denote the components of a four-vector. We have earlier 
evaluated the traces of even number of y matrices. 


Tre 1 WIV) = Agi gie — Agugus + Agioguts 
Tr(ye30 = 40м. 


Using the above results, 


[EuP = 5 Corus nde Aare? — Mas AAT Du nr 
$4 ge Gul PAR (piu AT + Agu AA m? ] 
= gite Alp; A") +4A AEE- pi pr) 
+4(py > А)(р: А") - 4m? A» А") 
-OR(E;-pop;-m)A- AY (po Any A) 
(p; Api АЗ). 


APPENDIX A 


EQUIVALENCE OF ROTATION ABOUT AN ARBITRARY 
AXIS TO EULER ANGLES OF ROTATION 


Rotation of the coordinate system through an angle W about an arbi- 
trary axis denoted by the unit vector ® (0,0) is equivalent to successive 
rotations through the Euler angles o,D,y about the z-axis, the new y-axis 
and the new z-axis respectively. In what follows, we shall try to obtain a re- 
lation between the two sets of three parameters 0,0, Wand o,B,y describing 
the rotation. 

The procedure is outlined below. First, we consider the rotation about 
an arbitrary axis % and obtain the transformation matrix M(e, e) in terms 
of certain parameters е, e, known as the Euler parameters which are related 
to the rotation parameters 0,0, w, Then we consider unitary transforma- 
tions in a two-dimensional complex space, which is equivalent to a rotation 
in the three-dimensional real space. The unitary transformation matrix О 
in complex space when expressed in terms of certain parameters yields the 
same transformation matrix for three-dimensional rotation obtained earlier 
in terms of Euler parameters for rotation about an arbitrary axis ^t. Thus, 
we identify the parameters used in the description of unitary matrix Q in 
complex space with the Euler parameters. Since the parameters describ- 
ing the complex unitary matrix Q are related to Euler angles of rotation 
O.Bjy, we deduce the required relation between the two sets of rotation 
parameters 0,9, y and 0.8.7. 

It is also possible to obtain the transformation matrix М(о.В,ү) due 
to Euler angles of rotation directly, and comparing this with the trans- 
formation matrix obtained by rotation through an angle w about an axis 
denoted by the unit vector #(0, ф), we deduce the required relations for 
their equivalence. 


A.l. Rotation About an Arbitrary Axis 
Rotation of the coordinate system through an angle v about an axis in the 


anticlockwise direction is equivalent to a clockwise rotation of the object 
through the same angle about the same axis in the fixed coordinate system. 


216 
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(b) 


Figure A.J. (a) Effect of rotation about an arbitrary axis й through an angle 
4. The point P moves to point Q and the vector г — r^ (b) The section 
normal to the plane is shown separately. 


Consider a vector r denoted by OP rotated in the clockwise direction 
through an angle 4 about the axis ft. The new vector r’ is denoted by OQ. 
From Figure А.І, we obtain the following relations. 


r = OP = ON + NP; (A.D 
72 09 = ON c NQ = ON 4 NR + КО; (A.2) 
IOP] = [OQI]: |NP| = [NQ]; (A3) 
INP| = |r x à; (МЕ = № сову; [КО] = NQsiné; (дл) 
NP = OP - ON = r~ (rA) (A.5) 
NR = (r — (r.&)) cos; (A.6) 
RQ = (rx &)sin v (АЛ) 


Непсе 


r = (тйй+ {т (raja) cos + (r x à) sin 
= reos + (т.й) - сов) (rx а) зіл. — (AS) 
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Let us now introduce the Euler parameters en e, e; e, and express the 
vector r' in terms of r and the Euler parameters. 


eser ud 
eo = cos 5, es sin, (A9) 
such that 
ete = 1, (A.10) 


or equivalently 


ёе нее = (A.11) 


It follows that. 


Й 
cos) = 1 dein? 5 = 200821 -3?d-1 | (A12) 
аер = Yasin T соз = epe. (A.13) 


Using the above relations, r' can be written as a function of and the Euler 
parameters e, and e. 


v(2e8 - 1) + 2(r.e)e + Ar x еер. (A.14) 


T 


Using Eq. (A.14), the components x" y’, z' can be explicitly written in terms 


= (200 — 1) + 2e(zex + yer + гез) + 2eolyes — ге), (А15) 
y(2e} — 1) + 2ea(xeq + yez + zes) + 2eo(ze — жез), (A.16) 
2(2е2 — 1) + 2es(ze1 + уез + zea) + 2eolwer — yer). — (A7) 


Writing more elegantly in the matrix form 
d T 
(| = M(co,e)| y |. (A.18) 


PEE 


we obtain the transformation matrix M (e, e), 
Aet el) — 1 erea + езер) 2eser — ento) 
M(eo,e) = | eres — єзео) Xea +e3)=1 2(es62 + елед) |, (A19) 
(езет + езе) 2(езеёз— veo). eå + е2) — 1 


with the Euler parameters expressed in terms of the rotation parameters 


éo = сов, e1 = sin @cos dsin $, 
ау (A.20) 
о =sinOsingsin’, ^ es 


воп? 
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A2. The Euler Angles of Rotation 


Rotation in a two dimensional complex space is equivalent to a rotation in 
the three-dimensional real space. 
Choose a matrix operator P 


Pao-r=| т (A21) 
and perform unitary transformation Q on it. 
PzQPQt. (A22) 


Since Q is a unitary unimodular operator, one can obtain certain con- 
ditions between the elements of this unitary matrix in the two-dimensional 


complex space. 
a b D 
sees eno ie 
QQi-QiQ-i, deQ-i (A24) 


The conditions (A.24) yields the relations 


(А23) 


Кы. аса. (А25) 


and ће matrix 


a b 
Q= | d A (^26) 


has only four parameters, of which only three are independent because of 
the unimodular condition (det О = 1) 
The transformed operator P' is given by 


gc zo acd 
= || a 


a 6 z s-iy][a -b 
зу G 


From Eq. (A.27), one can obtain the following relations: 


" 


= -a"b"z +a” (z + iy)~b" (s—iy)-atWz, (А28) 
= —abz + a(x — iy) — 6(a + ty) — abz, (A.29) 
(ab^ + a") + iy(ba^ — ab*) (аа* — b6")z, (A.30) 


220 APPENDIX A 


from which one can deduce the transformation matrix M(a,b) in the three 
dimensional real space. 
б 


E 
y | = M(a,b) 
x 


" (A31) 


nes 


where, 
M({a,b) = 
Ца? -bta — 6") а? + — a? — В) (ab ате) 
ilab а +o") lt a +6") (ае ~ ab) |. (A32) 
abt  a*b аъ — ab*) аа" — bb" 


The parameters a and b occurring in Eq. (A.32) are complex quantities and 
let us define them in terms of the real parameters e, e; e; and es 


od ies; В ez+ier (A.33) 


The transformation matrix M(a,b) can be rewritten in terms of e, e, e; 
and e, using the definition (A.33) of a and b. The transformation matrix 
M(c0,el,e2,.e3) so obtained is identical with the transformation matrix 
given in Eq. (A.19) describing the rotation about an arbitrary axis à and 
the quantities е, e; e» e; defined in Eq. (A.33) are identical with the Euler 
parameters introduced earlier in Eq. (A.9) or Eq. (A20). 

For Euler angles of rotation, the unitary matrix Q can be written as a 
product of three unitary matrices 


Q = 0,080. (А.34) 


The unitary matrices Q., О and О, can be deduced from the known prop- 
erties of coordinate transformation under rotation. It is found on inspection 
that the matrices Q.,Q, апа О, can be written in a compact form using 
the Pauli matrices. The matrices so obtained are 


Р 
E 0 a 2 
"s c K RENE (A35) 
ae 
sp Е в (А36) 
an? coe? D 2 


“я | = cos 7 4 ics sin 7 (A.37) 
є 
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The product of these matrices is denoted by Q. 


eA? сов й eiii sin B 


= 9,029. = | (A.38) 


LT 


Comparing the unitary matrix (A.38) with (A.26) and expressing the com- 
plex elements in terms of the real parameters en e; ез e; defined in Eq 
(А.33), we obtain 


А in a in b 
T 8 
055, ер = sin 258 sin 2, 


(А.39) 


From Eqs. (А.39) and (A.20), the required relations between ће two 
sets of rotation parameters, 0,0, храпа 0.8,у аге deduced. 


esi - cos 132 cos 8, (A40) 
sind cosó sin = sin £ (АА) 
кпе sino sin = cos i E (^42) 
сов ind = sin 8. (А43) 
Squaring Eqs. (А.41) and (A42) and adding, we obtain 
sin? 6 sin? P = sin? 2 (A44) 
the square root of which yields the relation 
(A45) 
(A46) 
Thus 
(А47) 


Equations (A.40), (A.45) and (A447) relate the two sets of rotation param- 
eters. 
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A.3. Direct method of obtaining the transformation matrix 
The vector r in the original coordinate system becomes vector r' in the 
rotated coordinate system obtained by successive Euler angles of rotation 
«Ву. 
а 8 "n 
zyz nna 22222 zy 
z-axis y-axis žz—axis 


The transformation matrix for these rotations are discussed in Chap.4. 


r| =М(е,8,у)| s |. (A48) 


Moo 


where 


M(e,8,3) = Me(7) My) М.(о) 


cosy siny 0] [ cos@ 0 -sing 
= | -siny cosy 0 fap 
0° 0 1] sing 0 соё 
сова sina 0 
х | -sina sna 0 |. (А49) 
0 ip it 


By direct matrix multiplication, the matrix elements of М(0,В,ү) are ob- 
tained as given below: 


My, = cosjcosacosÓ — sin узше (A.50) 
Mi, = cosysinacosf + sin yeosa (A.51) 
Муз = –созувіп б (А.52) 
Ma = —sinycosa cos — cosy sina (А.53) 
My, = -sin ysin а соз 8 + соз соза (А.54) 
Мәз = sinysinj (А.55) 
Му = cosasing (А.56) 

= sinasin (А.57) 
Ma = сй (А.58) 


Using the trignometric relations, 


cos AcosB = 4 {cos(A + B) + cos(4 В), (A359) 
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пв gesta = B) - cos(A + Ву}, 


sinAcosB = 


cosAsinB = еа +B) sin(4 - BY}, 


A 
sA = 2c -- 
cos А 2 cos’ 3 


о 
ЗША = 2sin—cos<, 
sin in cos, 


n(A + B) + sin(A — B)}, 


"mE 
—2зш® =, 
in? 5 


(A.60) 
(A.61) 
(A.62) 
(A.63) 


(A.64) 


and defining the parameters as given in Eq. (A.39), it can be shown that 
the transformation matrix М (о.В,ү) is identical with the transformation 
matrix M(e,e) defined in Eq. (A.19). For the purpose of illustration, let 


us choose the matrix element M: (o, B.»). 


Mi = созтсове соз B — sin ysin a 


- о)} cos 8 


= Heo Agi ioe 
T 


cosy — a) — cos(? + @)} 


- m +a) (cas B $1} + ics = a) {cos 8 — 1) 


= cos(4 + a) cos? | = соз(у— а) sin? 2 


= {2e08 258 — 1) ea ib 


2 


Tta 1-а 
s 


= 2cos* 


8 
cos? 5 + sin? 


= 206+ 60)-1. 


jn 


РШЕ 
3 


21-9 


1 


(A-65) 


In a similar way, all the other matrix elements can be expressed in terms 
of the parameters е, е, e» e, and the resulting transformation matrix 


M(a.B.y) is identical with the matrix (A.19). 
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TABLES OF CLEBSCH-GORDAN COEFFICIENTS 


TABLE B2, | Л 1 | 
ту m 


i$ 
il ome: č | meo RAEI 
i ai 
us (hm т) арон] | [aeg m] 
А CANES] cS ааны 


[КЕЕ ғ 
3800) | 


[2 ++] 
AQUAM) | 


[oma met y 
d [езт 


к л 


valt) 
mirt) 
AM) 


A-l 
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TABLES OF RACAH COEFFICIENTS 


TABLE C1. W(abed; i f) 


c=d+} 


с td- btd+j+2)(b+d-f+1) |È 
a-b*i| Cut [зы ины Н] 


1 
E btd- ьал) ]7 
a-i-i| Cur 1 е5 ЫНДЫ Б] 
учанын) |? 
TU ы-у | анун 
1 а=0+5 (-1)* 7 Libris 


ES ip [ажан л] 
acb-i (снега [| | 


выт) а] 
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‘TABLE C2. W(abed;1 f) 


с=4+1 


сунет [eie pem reno paesi rer E 
(25-1) (2643) E ehe паз) ата) 


a=b+1 
EN (ayer [шегш а-ны) |’ 
= Сет Та К1(2а+ 2} 
E азау [God Dci f -) het $42] rhet] È 
a=b т | (=1+4/ [ede te ersten] 
e-d 
1 
E pod; Гаа de Pelri pel) ера] 5 
a=b+1] (-1) Я СЗАТ) 
Е в+а—/ [мв YF 
a=b EPT IE (20-47; тела 
5 bhd joa [альна DO e DC pe) ] 7 
a= ba 3 (чунга [жены n] 
с=4-1 
ы вася Гоната ваъ) 
КЕ hia | AFDE ] 
= aped [Gritti SH oed роза 2 
cab em пне inn эн леш n 
aeb-i| Caper [енын Dose Aree rr | 


"Abi (2b- TJ 35-1 (EET) (24-1 


| 
| 
| 
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THE SPHERICAL HARMONICS 


The spherical harmonics are the solutions of the differential equation 


ПИ 1 2 
[5535 (sacs, aj) tage tt з] YO, o (л) 


sin б 00 sin? @ ad? 
and they can be expressed in terms of the associated Legendre functions 


PP (2) 


үче) = ml | На) ете, 


((20,1,2,;mz –1,- E V, 


1-11) (D2) 


where x = cos0 and the associated Legendre functions Py"(x) are the 
derivatives of the Legendre function Р(х) 


Рт} = (ahh dudes m2. (D.3) 
Note that P2(x)= Р(х) and the Legendre functions are defined by 


B= (22-1). (DA) 


Substituting the expression for the associated Legendre functions, a general 
expression for the spherical harmonics is obtained. 


1 
i 2 [QU DU- Impr] * 
" = L (oyes [ODE т ]# uus 
¥"(0,0) = pD Su i 
at 
хаант an rata? = (0.5) 


The spherical harmonics satisfy the relation 


лб pue (06) 
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and they are normalized such that 


a qr 
[| о f dO sin 8Y7" " (6,6) Y (8, 0) = ép бы. (D7) 
o o 


The completeness relation for the spherical harmonics is given by 


ru 
Y УС YO DYE, g) = êlo- Ф) сок — сов#'). — (pa) 


prm 


Let us list some of the relations involving sums over m but with fixed 7 
for spherical harmonics. 


L 


v LES 
БИКО = =, (09) 
к= 
i 
У) mynd? = 0, (0.10) 

= 
Y owa"esort = MEDEE un D11) 


mani 


The spherical harmonics have an inversion symmetry property of great 
importance. The direction opposite to (040) is (п - 0,0 + л). From an 
examination of Eq. (D.5), we obtain a relation 


Үчт - 6,040) = (C1! 70, Ф), (D.12) 
which means that the spherical harmonics have positive parity for even / 


and negative parity for odd I 
It can be easily verified that 


Pi(cos6) = (D.13) 


The first four Legendre polynomials P(x) are given in Table D1 and the 
explicit forms of the spherical harmonics for / = 0, 1, 2, 3, 4 are presented in 
Table D2. 
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TABLE DI. Legendre Polynomials Ра) 


П P(e) 
oo i 
E 
2 (322-1) 
3 (52° — 32) 
4 3(3524 — 3012 + 3) 


TABLE D2. Normalized spherical harmonics Y" (0,4) 


i m 

0 0 

> 0 
E 

Р 0 
+1 8 
EX (aE)? sint сёз 

2 8 Gi 5 cos (cos 8 — 3) 
£p (8) sin Seos?a- 1) e*t 
+2 2 сов sin? «2%? 
+з E 

à 0 пол (85 cos! 0 — 3b cos? 9 +3) 
ES 2)? sin (7 сов? 0 — 3cos6) et? 
ex E)? sin? 8 (7 cos? 8 — 1) e£ 
E È sin? 0 соб 
E sint à eto 
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THE SPHERICAL BESSEL AND NEUMANN FUNCTIONS 


The spherical Bessel function jx) and the spherical Neumann function 
n(x) are defined in terms of the ordinary Bessel functions of odd-half- 
integer order. 


Az) = (zz) нә), (E.1) 
mz) = CDH (EP y (E2) 


where / is an integer. The spherical Bessel and Neumann functions are the 
solutions of the differential equation 
PR dR 2 
E 2; 2 = 
т teat = 101+ 1) = 0. (ЕЗ) 
Explicit expressions for the fist few spherical Bessel and Neumann functions 
are given below: 


dota) = 985. 


Vi ce es! (E.4) 


a(t) = (3 - 
The spherical Bessel and Neumann functions take simple forms in the lim- 
iting cases. As x — 0, 


А (21 1)" 
i) стр MO ан (E.5) 
with 
(21-1 = 1x 3x 5x x (201 1). (E.6) 
In the asymptotic limit i.e., as £ — 00, 
1 la 1 
dis) — csin(s-iimy mle) — -7 cosa - pln). (ЕЛ) 
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We give below some useful 


аба) + jile) 


a 
a; 0 
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recurrence relations for ji 


2041 


- —- 4G» (E.8) 
- arii н(е (Е.9) 
= dei) - E з). (E.10) 
= (Е.11) 
= (ЕЛ2) 


The same recurrence relations аге obeyed by the spherical Neumann func- 
tions n(x) also. The reader may find the following integarl formulas involv- 
ing spherical Bessel functions useful. 


Јов 
[мгга 
[ios 
Гоа 

o 


—io(z). (E.13) 
(E.14) 
(E.15) 


(E.16) 
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THE BERNOULLI POLYNOMIALS 


The Bernoulli polynomial B,(x) is defined by 


E са 


te 


(t| < 22). (Е.Л) 


B.(0) are called Bernoulli numbers B. 
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(F.2) 


With the exception of B, all odd Bernoulli numbers vanish. From Eqs. 
(A.1) and (A.2), we get 
eat У (ЕЗ) 
5-0 LÀ s-Üü Uu 
Equating coefficients of equal powers oft, we get 
> s 
B(x) = Ва 
(x) = (5) je (FA) 


The first few Bernoulli numbers and Bernoulli polynomials (Miller, 1960; 
Subramanian, 1974) are listed below: 


Bernoulli numbers 
Bil Bea 


Bs = =: (F.5) 
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Bernoulli. polynomials 


Byz) = 1, Bile) = 


АН 
Biz) = тї-т+ v 


Bis) = 28- d + 3° = 2(2- 12-1), 

Bile) 

Bs(x) 

Вет} (F.8) 
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LIST OF SYMBOLS AND NOTATION 


Angular Momentum Coupling Coefficients 
my m m 


how | Clebsch-Gordan coefficient ог C.G. coefficient 


gu p 7 34 symbol 
т m т 


UG jai jo адз) U-coefficient (Unitary transformation. coefficient 
for the coupling of three angular momenta) 

W(itiodie.dizias)  Racah coefficient 

gb дш РТ 

ja ј jm 

h л 

bos h LS-jj coupling coefficient 

LIS. 

аял 

h s in 9-j symbol 

TN ET, 


Angular Momentum Eigenstates and Operators 


lim) Angular momentum eigenstate 

[ајот ma) Eigenstate of two angular momenta in uncoupled 
representation 

јот) Eigenstate of two angular momenta in coupled 
representation 
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Voas Ит) 
V Саја) даз; тп) 
11125152, LSM) 
{hilesi se, iio M) 
X+ 


x- 
|р®ф, А) 


ШЕ: 
gk ren 


Jp 


Eigenstate of three angular momenta in one cou- 
pled representation 


Eigenstate of three angular momenta in another 
coupled representation 


Eigenstate of four angular momenta in 1-5 cou- 
pled representation 


Eigenstate of four angular momenta in j-j coupled 
represent at ion 


Spin-up state for the Dirac particle 
Spin-down state for the Dirac particle 


Helicity state of a particle moving with momen- 
tum p (= р, Өф) and helicity А 


Two-particle helicity state moving with relative 
momentum p and helicities Ам and X: as described 
in centre of momentum frame 


Square of the angular momentum operator 


Components of angular momentum operator in 
Cartesian basis 


Raising and lowering angular momentum opera- 
tors (Ladder operators) 


Components of angular momentum operator in 
spherical basis 


Pauli spin operators 


Iso-spin operators for nucleons 


Rotation Operator and Rotation Matrices 


uo; |y 
Ria, 8,7), Un 


Euler angles of rotation 
Rotation operators 
Rotation matrix (jm'|R(w)|jm) 


Rotation matrix for rotation about the y-axis 
Gm'| Gm) 


Transformation matrix 
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Special Functions 


В, Bernoulli number 

Bs(x) Bernoulli polynomial 

AQ) Bessel function of order v 

M.) Neumann function of order v 

ло) Spherical Bessel function 
ia) = £d) 

n(x) Spherical Neumann function 
nz) = JEN ye) 

Р(х) Legendre function 

Prle) Associated Legendre function 


Vectors, Tensors and Tensor Operators 


Unit vectors in Cartesian basis 
Unit vectors in spherical basis 


Polar basis vectors 


Unit vector with polar angles 0,0 


A. A, А, Cartesian components of a vector А 
BINA Spherical components of a vector А. 
TIG) Spherical tensor operator of rank k and projec- 
tion p 
Yr) Spherical harmonic 
EnH Vector spherical harmonic 
INE ET. 
M mest 
YT) = Xs k TEN | Үч? et 
GU) Fano’s statistical tensor 
esae) Spherical tensor parameter 


усу To 


Р Density matrix 
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Miscellaneous Symbols 


8, Kronecker 8-symbol 
ао Element of solid angle 

dQ = sin 0 dO do 
и (2) +1) 
( m ) Binomial coefficient 

(2) = 

п) (п-н)! 

а, а, о. В Dirac matrices 
Yo T» Ys Gamma matrices 
4 алуа Oy, HY - ш}. 
тутт) Matrix element of a tensor operator T 
ТЫА) Reduced matrix element of a tensor operator of 


rank k 
Gs Coefficient of fractional parentage (с.Ёр.) 
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